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ABSTRACT 
Regulation of gut motility is a very complex process and is thought to 
require proper functioning and coordination of three major cell types: the smooth 
muscle cells, the enteric nervous system and a specialized group of cells called 
the interstitial cells of Cajal (ICC).  The ICC, also commonly called the 
pacemaker cells of the gut have been implicated in proper gut motility. ICC 
reduction or loss has been linked GI motility disorders such as Hirschsprung’s 
disease, slow transit constipation, gastroparesis, achalasia, and intestinal 
pseudo-obstruction. Although the role of ICC in GI motility has been widely 
examined at the phenotypic level, the underlying molecular mechanisms that 
drive development and function remain elusive.  
 
In this dissertation research, we generated two ICC biomarker red 
fluorescent protein (RFP) reporter lines, kitais32gal4 and ano1is33gal4 using the 
CRISPR-Cas9 mediated knock-in of the Gal4 into the zebrafish genome by 
homology directed repair mechanism. We further characterized their FFP 
expression using both confocal laser scanning microscopy and light/fluorescent 
microscopy. The generated reporter lines have a bright RFP expression and 
putative homozygous null mutants are viable and fertile. This is the first study to 
successfully generate ano1 reporter line in zebrafish.  
  
Finally, we utilized both qualitative and quantitative approaches to 
examine the gut motility phenotypes of kita and ano1 putative null mutants at 9 
xi 
dpf. Our results indicated that zebrafish intestinal motility pattern was disrupted 
by knock-out of kita or ano1. There was a significant reduction in the average 
number of contractions, average distance traveled by individual contractions, 
frequency of the contractions, average time taken by individual contractions. The 
average interval between contractions increased. Our results suggest that both 
kita and ano1 are critical for generation and maintenance of coordinated, steady 
and complete contraction in the zebrafish intestine. We provide the first evidence 
for the role of ano1 in zebrafish gut motility using in vivo approaches and this 
these finding will improve our present understanding of GI motility disorders. 
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW 
 
Overview of the digestive system 
The digestive system in humans and other animals is made up of many joined 
tubes and organs running from the mouth to the anus. The chief components of the 
digestive system are the gastrointestinal (GI) tract, the liver, pancreas and gall 
bladder. The digestive system is responsible for lubricating food, moving liquids and 
food down the digestive tract, breaking down the food both mechanically and 
chemically, absorbing nutrients and water, and eliminating waste products through 
the anus. Upon ingestion, digestion starts with chewing of food in the mouth (Kong 
and Singh, 2008). Disintegrated food travels through the hollow organs that absorb 
nutrients such as proteins, carbohydrates, vitamins and fats until the remains from 
digestion are eliminated as feces through the anus (Kong and Singh, 2008). Without 
digestive contractions propelling food through the digestive tract, we cannot benefit 
from the food we eat. Thus, gut motility is an important aspect of digestion and the 
overall health of all animals (Kong and Singh, 2008). Although research on the 
mechanisms and patterns of gut motility started more than 100 years ago (Cannon, 
1902; Bayliss and Starling, 1900), several aspects underlying gut motility remain 
elusive (Sanders, 2008; Farrugia, 2008). 
 
Human gut motility disorders 
In the human body, gut motility is an important physiological function of the 
digestive system. In the absence of proper and coordinated gut motility, food will not 
be digested and nutrient absorption into the blood stream will not take place. 
2 
 
Abnormalities in the physiological rhythms of the GI tract result in delayed emptying 
of the stomach causing symptoms such as abdominal pain, bloating, vomiting and 
nausea (Chen et al., 2000). Gut motility disorders in humans account for significant 
morbidity and mortality (Everhart and Ruhl, 2009; Peery et al., 2012). In 2009, 
Everhart and Ruhl  (2009) reported that gut motility disorders affected 60 to 70 
million people in the United States each year, both directly and indirectly. In 2004, 
the estimated annual cost of GI diseases was 141.8 billion dollars (Everhart and 
Ruhl, 2009). In 2015, a study conducted in the United States from 2007 through 
2012 revealed frequent diagnoses of gastroesophageal reflux, inflammatory bowel 
disease, hemorrhoids and several other gut motility diseases, costing patients 
variable amounts of money (Peery et al., 2015). While some gut motility disorders 
such as abdominal pain, gastroesophageal reflux, hemorrhoids, constipation and 
others can have non-genetic causes and may result from environmental factors such 
as exposure to pathogens or chemicals (Zhao and Pack, 2017), some GI tract 
disorders such as inflammatory bowel diseases and irritable bowel syndrome have 
been proposed to have genetic causes. Research to identify the causative genes in 
these disorders is still ongoing (Vatn, 2009; D'Amato, 2013; Saito et al., 2010; 
Anderson et al., 2011). A better understanding of genetic factors involved in 
progression of heritable GI diseases will greatly reduce the currently overwhelming 
costs of treating GI motility disorders. 
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The zebrafish as a suitable model for studying gut motility disorders  
While initial studies used zebrafish (Danio rerio) as model organisms for 
embryonic developmental biology, zebrafish have begun to emerge as a model in 
other fields of study such as immunology, oncology and gastroenterology (Brugman, 
2016; Zhao and Pack, 2017; Sadler et al., 2013). Zebrafish are advantageous as 
model organisms for studying human diseases and gut motility disorders for a 
number of reasons: a) they are prolific and a single mating can produce hundreds of 
offspring; b) zebrafish larvae are small and easy to maintain; c) the larvae are 
optically transparent allowing in vivo observation of intestinal motility with ease; d) 
zebrafish embryos develop rapidly and the digestive system is fully functional and 
visible at 5 days post fertilization (dpf); e) since zebrafish develop ex utero from a 
fertilized egg, studies can be conducted early in life; f) the zebrafish gut is 
homologous to that of higher vertebrates in terms of cellular composition (Brugman, 
2016; Zhao and Pack, 2017; Rich, 2009). The zebrafish genome has been fully 
annotated and approximately 70% of their genes have at least one human ortholog 
(Howe et al., 2013). The molecular mechanisms of gene function in zebrafish are 
also comparable to that of humans (Cheng et al., 2016; Kent et al., 2012). 
Additionally, many of the genes involved in gut development and function are 
conserved between zebrafish and mammals (Brugman, 2016). When used as 
models for human genetics studies, zebrafish embryos are amenable to different 
genetic manipulations. 
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The digestive tract of zebrafish, a teleost, consists of a primitive gut tube 
which gives rise to the intestine, liver, gall bladder and the pancreas (Trotter et al., 
2009; Brugman, 2016; Wallace and Pack, 2003). The zebrafish gut has three main 
parts which are defined based on the histological appearance of the epithelial folds 
and the distribution of the differentiated cell types (Wallace et al., 2005). The three 
intestinal segments are: the proximal intestine (intestinal bulb), the mid-intestine and 
the distal intestine (Zhao and Pack, 2017).  
 
Major cell types involved in regulation of gut motility 
It is known that the regulation of gut motility is a very complex process and is 
thought to require proper performance, regulation, functioning and coordination of 
many cell types. The three major cell types required for motility include: the smooth 
muscle cells, the enteric neurons and a specialized group of cells called the 
interstitial cells of Cajal (ICC) (Huizinga, 1998; Zhao and Pack, 2017). Several 
studies have shown that disruption in the development or function of any of the 
above cell types leads to intestinal motility defects such as delayed intestinal transit 
(Abrams et al., 2016). 
 
The ICC are stellate or spindle-shaped cells that have long spikes or 
dendrites. They have close contact with smooth muscle cells and nerve varicosities, 
and form gap junctions with each other, neurons and smooth muscle cells (Yang et 
al., 2012; Sanders, 1996; Nemeth et al., 2000). The Enteric nervous system (ENS) is 
composed of neurons and is thought to play a role in recognizing the contents of the 
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gut and develop appropriate stimuli, ICC transduce ENS neuronal input to intestinal 
muscle cells and generate slow waves (electrical rhythmicity).  Smooth muscle cells 
can deduce and assimilate the information from the ICC to develop suitable 
contractions. The ICC are thought to play a central role in the normal function of 
intestinal motility because of their role in generating slow waves which set the 
contraction rate. ICC also facilitate propagation of electrical signals and neural 
transmission (Sanders and Ward, 2007; Sanders et al., 2012a; Sanders, 1996; 
Sanders et al., 2006; Sanders et al., 1999; Ordog et al., 1999; Ward et al., 1998; 
Hirst and Edwards, 2004). 
 
Several studies link the loss or malfunction of ICC to various GI motility 
disorders which are associated with significant morbidity and mortality in human 
patients (Al-Shboul, 2013; Mostafa et al., 2010; Streutker et al., 2007). These gut 
motility disorders occur in both pediatric and adult patients and have greatly lead to 
a reduced quality of life for affected patients (Chumpitazi and Nurko, 2008; Zhao and 
Pack, 2017). Reduction in the number, the absence or abnormal integrity of ICC are 
considered a hallmark of gut motility disorders like Hirschsprung’s disease (HD), 
slow transit constipation, gastroparesis, achalasia, and intestinal pseudo-obstruction 
(Farrugia, 2008; Wang et al., 2009; Garrity et al., 2009; Struijs et al., 2008). A 
previous study conducted on patients with HD revealed that the expression of 
myenteric ICC was reduced in their ganglionic bowl compared to that of the normal 
bowel (Rolle et al., 2002).  Thus, alterations in the ICC network are thought to have 
a strong effect on the motility of the digestive system (Burns, 2007; Ordog et al., 
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2009; Breuer, 2012). Previous studies have also shown that lack of ICC eliminates 
slow waves in the circular muscle cells and electrical field stimulation was unable to 
advance gastric slow waves in mice stomachs (Ordog et al., 1999; Ward et al., 1994; 
Huizinga et al., 1995). Table 1 lists several GI motility disorders that result from 
malfunction of ICC, their characteristic signs and symptoms, and studies that have 
reported them.  
 
Table 1: GI motility disorders characterized by ICC absence or malfunction, their 
signs and symptoms, and studies that have reported them 
GI motility disorder Signs and symptoms References 
 
Hirschsprung’s 
disease 
 
Missing nerve cells in the lower 
part of the colon 
 
 
(Piotrowska et al., 
2003) 
Achalasia Impaired relaxation of the lower 
esophageal sphincter 
 
(Khelif et al., 2003) 
Gastroparesis Food from the stomach to the 
small intestine moves slowly or 
stops without any blockage 
(Forster et al., 2005; 
Vittal et al., 2007; 
Parkman et al., 2004) 
 
Pyloric Stenosis 
 
Gastric outlet obstruction 
 
(Vanderwinden et al., 
1996)  
 
Chronic intestinal 
pseudo-obstruction 
Unable to contract and push 
food, stool, and air through the 
GI tract 
(Feldstein et al., 2003; 
Struijs et al., 2008; De 
Giorgio et al., 2004) 
 
Slow transit 
constipation 
Reduced motility within the large 
intestine 
 
(Lyford et al., 2002) 
Inﬂammatory bowel 
disease 
Inﬂammation and sores of the 
lining of the digestive tract 
(Rumessen et al., 2011; 
Rumessen, 1996) 
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Kit and Ano1 genes as markers for ICC 
Although the role of ICC in regulation of GI motility is evident from previous 
studies (Sanders and Ward, 2007; Sanders et al., 2012a; Sanders, 1996; Sanders et 
al., 2006; Sanders et al., 1999; Ordog et al., 1999; Ward et al., 1998; Hirst and 
Edwards, 2004), some of the molecular aspects of ICC function remain elusive. Two 
genes, known to play a role in ICC development and function are Kit, which encodes 
a receptor tyrosine kinase and Anoctamin 1 (Ano1), encoding a transmembrane 
member 16a protein (Ward et al., 1994; Maeda et al., 1992; Torihashi et al., 1995; 
Burns et al., 1997; Torihashi et al., 1997).  
 
Kit gene is expressed in ICC and is required for proper development of ICC 
(Ward et al., 1994; Torihashi et al., 1995; Huizinga et al., 1995; Maeda et al., 1992; 
Ward et al., 1995; Sanders et al., 1999). Disruption of Kit signaling in zebrafish 
resulted in development of uncoordinated motility patterns, confirming the role of Kit 
in GI motility (Rich et al., 2013). In mice, blocking Kit using antibodies greatly 
impaired development of ICC (Torihashi et al., 1995; Maeda et al., 1992; Ward et al., 
1997). Mutation of Kit in mice blocked development of ICC and eliminated slow 
waves in the GI tract (Ward et al., 1994). Beckett et al., (2007) showed that blocking 
Kit with a neutralizing antibody resulted in loss of a subset of ICC, the myenteric ICC 
and the pacemaker activity in the GI tract of mice embryos. Additionally, treatment 
with a neutralizing antibody, imatinib mesylate or the tyrosine kinase inhibitor for 3 
days disrupted ICC myenteric plexus networks and pacemaker activity. However, 9 
days after these treatments were withdrawn, ICC networks were recovered (Beckett 
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et al., 2007). Similarly, blocking of Kit using neutralizing antibody or anti-Kit 
monoclonal antibodies for 8 days decreased ICC in the mouse small intestine 
(Torihashi et al., 1999; Torihashi et al., 1995).  
 
Although Kita is primarily used as a marker for ICC, in 2009, Gomez-Pinilla 
(2009) reported Ano1 as a second marker for ICC for the human and mouse GI. 
Ano1 functions as a calcium-activated chloride channel (Kunzelmann et al., 2011; 
Pedemonte and Galietta, 2014). A block in Ca2+ activated Cl− channels using 
niflumic acid and 4,4'-Diisothiocyanato-2,2'-stilbenedisulfonic acid results in a 
reduction or blockage in the frequency of slow waves in the small intestines and 
stomachs of mice, humans and crab-eating macaque, Macaca fascicularis (Hwang 
et al., 2009). Sanders et al., (2012b) also report a reduction in GI slow waves in 
Ano1 knock-out mice, suggesting the role of Ano1 in conductance and pacemaker 
activity of ICC. Antagonism of Ano1 and the voltage-dependent L-type Ca2+ channel 
nearly abolished tone generation in the internal anal sphincter of mice (Cobine et al., 
2017). A conditional knock-out of Ano1 in ICC in the adult mouse small intestine 
caused a significant reduction in slow waves and impaired calcium transients. The 
impairment of calcium transient varied with levels of Ano1 relative expression 
(Malysz et al., 2017). Mazzone et al., (2011) reported significant differences in 
expression of Ano1 alternative splice variants in gastric muscles of human patients 
with diabetic gastroparesis compared to controls, indicating that these changes in 
Ano1 expression may contribute to diabetic gastroparesis. Together, these studies 
suggest a critical role of Ano1 in the peacemaking function of ICC. 
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Most studies investigating the role of ICC in gut motility have been conducted 
in mice. To determine if ICC function similarly in other vertebrates, it becomes critical 
to find ways to identify ICC and to determine their role in GI motility. 
Immunohistochemical studies have been inconclusive (Uyttebroek et al., 2013; Ball 
et al., 2012; Rich et al., 2007). Research in this dissertation was initiated to develop 
additional alternative methods to examine the role of ICC in intestinal motility and 
improve our understanding of ICC function in other organisms. The zebrafish 
presents a very good model organism, for studying gut motility disorders. Studies 
presented in this dissertation primarily utilized genome editing using the CRISPR-
Cas9 and the Gal4-UAS systems to characterize the role of ICC expressed genes 
(kita and ano1) in regulation of gut motility in zebrafish.  
 
Genome editing 
Genome editing refers to the ways of making changes in the nucleotide 
sequence of a cell or organism using engineered nucleases (Ma and Liu, 2015). In 
recent years, there has been a rapid development and improvement in the tools 
used for genome editing including transcription activator-like effector nucleases 
(TALENs), zinc finger nucleases (ZFNs), and the clustered regularly interspaced 
short palindromic repeat (CRISPR-Cas9) systems (Gaj et al., 2013). These 
programmable nucleases function as molecular scissors to cut the genomic location 
of interest, generating double-strand breaks (DSBs) and, thus, achieving precise 
targeted genome editing (Xiong et al., 2016). The introduction of DSBs in a genomic 
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sequence by these nucleases activates the cell’s endogenous DNA repair 
mechanisms, including non-homologous end joining (NHEJ) that is error prone and 
homology-directed repair (HDR), resulting into introduction of precise knock-outs or 
knock-ins (Agustin-Pavon and Isalan, 2014). Researchers have taken advantage of 
the cell’s endogenous DNA repair mechanisms to induce mutations at the targeted 
genomic locations. Generating TALENs and ZFNs is labor intensive and difficult 
because they work through DNA-protein interactions and thus, targeting new 
locations in the genome necessitates generating and cloning new proteins. On the 
other hand, the CRISPR-Cas9 genome editing technique utilizes the guide RNA 
(gRNA) to target precise DNA sequences via the nuclease, Cas9 (Gasiunas et al., 
2012). 
 
Utilization of the CRISPR-Cas9 system in zebrafish is relatively quick and 
foremost as the genome editing technique is continually being optimized and 
expanded in it uses. Recently, algorithms have been developed to aid in the 
selection of optimized and the best zebrafish gRNA target sequences for any 
desired gene (Moreno-Mateos et al., 2015). Furthermore, there is a well curated 
database (CRISPRz) of already validated CRISPR targets in zebrafish (Varshney et 
al., 2016). There is also a codon-optimized Cas9 that contains amino- and carboxy-
terminal nuclear-localization signals to optimize the CRISPR-Cas9 efficiency in 
zebrafish (Jao et al., 2013). Finally, very low toxicity and high efficiency can be 
achieved by injecting a complex of Cas9 protein and gRNA that assembles in vitro 
(Burger et al., 2016). 
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Before the rapid development in the tools used for the generation of knock-
ins, transgenic zebrafish lines were mostly created using the Tol2-mediated 
conventional transgenesis (Balciuniene et al., 2013; Asakawa and Kawakami, 2008; 
Kawakami et al., 2010; Davison et al., 2007; Scott and Baier, 2009). This permitted, 
generation of several reporter lines vital for in vivo researching of specific gene 
functions (Balciuniene et al., 2013; Asakawa and Kawakami, 2008; Kawakami et al., 
2010; Davison et al., 2007; Scott and Baier, 2009). More recently, different research 
groups have developed several ways to use CRISPR-Cas9 to generate knock-in 
alleles in the genome with relatively high efficiency. Some groups have taken 
advantage of the cell’s homologous independent repair mechanisms to knock-in 
exogenous DNA into the zebrafish genome after inducing the DSB (Auer et al., 
2014; Auer and Del Bene, 2014). Other research groups utilized the homology 
dependent cell’s repair pathway to integrate foreign DNA into the zebrafish genome 
using donor vectors (circular or linearized) or single stranded DNA following the DSB 
(Hisano et al., 2015; Hruscha et al., 2013; He et al., 2015; Irion et al., 2014; Hwang 
et al., 2013; Kimura et al., 2014).  
 
Project objectives 
The long-term goal of the research projects in this dissertation was to better 
understand the role that ICC play in regulating gut motility in the zebrafish intestine. 
The two main research objectives were: 
1. To generate a means for identifying ICC in zebrafish.  
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Sub objectives 
a) To generate kita and ano1 reporter lines using the CRISPR-Cas9 
mediated knock-in strategy. 
b) To characterize the expression pattern of kita and ano1 reporter lines 
using both confocal laser scanning microscopy and light/fluorescent 
microscopy. 
 
2. To determine the role of kita and ano1 in regulation of gut motility in zebrafish 
using homozygous kita and ano1 putative null mutants. 
Sub objectives 
a) To generate gut motility movies to characterize motility differences 
between wildtype and mutants (kita and ano1). 
b) To generate spatio-temporal maps to conduct qualitative and quantitative 
analysis of intestinal motility in zebrafish carrying putative null mutations in 
the kita and ano1 genes and the wildtype. 
 
Justification and significance 
Gut motility disorders seriously affect a patient’s quality of life, are costly to 
treat, and the underlying molecular mechanisms are currently not well understood 
(Cash et al., 2005; Talley, 2008; Everhart and Ruhl, 2009; Peery et al., 2012). In the 
human body, gut motility is an important physiological function of the digestive 
system. Abnormalities in the physiological rhythm of gastrointestinal (GI) tract result 
in delayed emptying of the stomach and symptoms such as abdominal pain, 
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bloating, vomiting and nausea (Chen et al., 2000). The regulation of GI motility is a 
very complex process and is thought to require proper performance, regulation, 
functioning and coordination of the smooth muscle cells, the ENS and the interstitial 
cell of Cajal (ICC) (Huizinga, 1998). The ENS is thought to recognize the contents of 
the GI tract and develop appropriate stimuli, ICC transduce neuronal inputs from 
ENS and generate slow waves, and smooth muscle cells deduce and assimilate the 
information leading to contractions in the gut wall. The ICC may play a central role in 
the normal function of intestinal motility because of their proposed role as 
pacemakers generating slow waves which set contraction rate (Sanders and Ward, 
2007). ICC are implicated in a variety of gut motility disorders. Reduction in the 
number, absence or abnormal integrity of ICC have been observed in patients with 
GI motility disorders such Hirschsprung’s disease, slow transit constipation, 
gastroparesis, achalasia, and intestinal pseudo-obstruction (Farrugia, 2008; Wang et 
al., 2009; Garrity et al., 2009). Thus, alterations in the ICC network are thought to 
have a strong effect on the motility of the GI system (Burns, 2007; Ordog et al., 
2009; Breuer, 2012).  
 
Currently, only few model organisms have been used to study ICC biology 
and gut motility disorders in general. To bridge this gap in knowledge and better 
understand how ICC contribute to the regulation of gut motility, we thought to 
develop zebrafish as a model for ICC development and function. Research 
presented in this dissertation used zebrafish to identify and characterize kita and 
ano1 ICC biomarkers and their role in zebrafish gut motility. These studies may 
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provide insights to the causes of ICC-related GI motility disorders, for future 
pharmacological interventions to restore normal GI motility function. Zebrafish is a 
highly tractable model organism for studying gut motility due to the fact that their 
larvae are optically transparent. This permits direct visualization of intestinal motility 
in an intact, physiological setting, allowing direct assessment of experimental 
manipulation of ICC function and gut motility. The intestinal tract of zebrafish larvae 
begins to contract regularly and spontaneously at about 5 dpf and contractions of 
intestinal smooth muscle in zebrafish larvae can be readily observed under a 
dissecting microscope. Contraction rate and proper coordination of motility serve as 
a quantitative and functional measure of gut motility and can be quantified using 
spatiotemporal mapping (Holmberg et al., 2003; Holmberg et al., 2004; Holmberg et 
al., 2007; Field et al., 2009). To date, mechanisms by which ICC regulate gut motility 
are less well understood. In zebrafish, ICC are difficult to label and identify partly 
because antibodies used have only been optimized for humans and mice. Thus, 
there is great need to find new ways to identify ICC and investigate the role of ICC in 
living intact animals. To do this, we generated and characterized ICC reporter lines 
and ICC mutants of the kita and ano1 genes in zebrafish. 
 
Secondary research projects 
In addition to the research projects detailed in this dissertation, I have also 
conducted studies that contributed to the following publication.  
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Abstract 
 
Background: 
Motility and the coordination of moving food through the gastrointestinal tract rely on 
a complex network of neurons known as the enteric nervous system (ENS). Despite 
its critical function, many of the molecular mechanisms that direct the development 
of the ENS and the elaboration of neural network connections remain unknown. The 
goal of this study was to transcriptionally identify molecular pathways and candidate 
genes that drive specification, differentiation and the neural circuitry of specific 
neural progenitors, the phox2b expressing ENS cell lineage, during normal enteric 
nervous system development. Because ENS development is tightly linked to its 
environment, the transcriptional landscape of the cellular environment of the 
intestine was also analyzed.  
 
Results: 
Thousands of zebrafish intestines were manually dissected from a transgenic line 
expressing green fluorescent protein under the phox2b regulatory elements 
[Tg(phox2b:EGFP) w37 ]. Fluorescence-activated cell sorting was used to separate 
GFP-positive phox2b expressing ENS progenitor and derivatives from GFP-negative 
intestinal cells. RNA-seq was performed to obtain accurate, reproducible 
transcriptional profiles and the unbiased detection of low level transcripts. Analysis 
revealed genes and pathways that may function in ENS cell determination, genes 
that may be identifiers of different ENS subtypes, and genes that define the non-
neural cellular microenvironment of the ENS. Differential expression analysis 
17 
 
between the two cell populations revealed the expected neuronal nature of the 
phox2b expressing lineage including the enrichment for genes required for 
neurogenesis and synaptogenesis, and identified many novel genes not previously 
associated with ENS development. Pathway analysis pointed to a high level of G-
protein coupled pathway activation, and identified novel roles for candidate 
pathways such as the Nogo/Reticulon axon guidance pathway in ENS development.   
 
Conclusion:  
We report the comprehensive gene expression profiles of a lineage-specific 
population of enteric progenitors, their derivatives, and their microenvironment 
during normal enteric nervous system development. Our results confirm previously 
implicated genes and pathways required for ENS development, and also identify 
scores of novel candidate genes and pathways. Thus, our dataset suggests various 
potential mechanisms that drive ENS development facilitating characterization and 
discovery of novel therapeutic strategies to improve gastrointestinal disorders. 
 
Dissertation organization 
This dissertation is written in a journal format and it has four chapters in total. 
Chapter 1 gives a general overview of the digestive system, introduces gut motility 
disorders and the negative impact that they have on patients. It also describes the 
suitability of zebrafish for gut motility studies, introduces cell types involved in gut 
motility while highlighting ICC and their specific roles in gut motility. This chapter 
also discusses kita and ano1 genes as markers for ICC, describes the CRISPR-
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Cas9 technology as a revolutionary method for gene editing and highlights the 
significance of research projects in this dissertation. The knowledge gaps addressed 
by research projects conducted in this dissertation are also explained in this chapter. 
 
Chapter 2 describes generation and characterization of kita and ano1 reporter 
lines in zebrafish using the CRISPR-Cas9 mediated knock-in strategy. This 
manuscript is a result of collaborative research with the laboratories of Dr. Jeffrey 
Essner and Dr. Maura McGrail. Experiments were designed and conducted by Kevin 
Natukunda. All of these projects were accomplished under the guidance and 
supervision of Dr. Julie A. Kuhlman. 
 
Chapter 3 reports findings from the functional analysis study of gut motility in 
kita and ano1 putative null mutants generated by homology directed Gal4 integration 
using the CRISPR-Cas9 system. This manuscript is a result of collaborative 
research with the laboratories of Dr. Jeffrey Essner and Dr. Maura McGrail.  All of 
these projects were accomplished under the guidance and supervision of Dr. Julie A. 
Kuhlman. 
 
Chapter 4 summarizes major findings of the research projects reported in this 
dissertation, discusses the potential relevance of research findings in advancing 
research on ICC-related gut motility disorders, and states possible future studies that 
could be conducted based on findings presented in this dissertation. 
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Abstract 
ICC have been suggested to be pacemaker cells in the digestive system 
helping to generate spontaneous electrical slow waves and mediate neuronal input 
to the intestinal muscle cells. Reduction in the number or absence of ICC is 
associated with gut motility disorders. Both Kit and Ano1 antibodies have been used 
extensively as biomarkers for interstitial cells of Cajal (ICC). Zebrafish (Danio rerio) 
is emerging as a novel model for in vivo studies of intestinal motility disorders and in 
particular the role of ICC in intestinal motility. However, research related to the role 
of ICC in gut motility using this model has slowed due to difficulties in identifying 
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these cells in vivo.  In the current study, we utilized the CRISPR-Cas9 mediated 
genome editing to generate red fluorescent protein reporter lines by homology 
directed knock-in of the donor vector into the endogenous kita or ano1 genome loci. 
Both the kita and ano1 RFP reporter lines are homozygous viable and fertile. In the 
present study, we generated two novel zebrafish RFP reporter lines (kitais32gal4 and 
ano1is33gal4) that can be utilized as new tools for studying the disease processes 
leading to ICC disruption which will aid in in vivo monitoring and visualization of ICC 
in undisrupted systems. 
 
Key words: CRISPR-Cas9, kita, ano1, reporter line, knock-in and zebrafish 
 
Introduction 
Several studies have documented interstitial cells of Cajal (ICC) as an 
essential component of the digestive tract because of their role in regulating 
gastrointestinal (GI) motility patterns (Sanders et al., 2006; Yin and Chen, 2008; 
Ambache, 1947). ICC were initially identified morphologically until the discovery that 
ICC express Kit, a tyrosine kinase receptor (Maeda et al., 1992; Huizinga et al., 
1995). Maeda et al., (1992) reported kit expression in the GI tract and demonstrated 
that Kit is required for normal ICC development. This discovery enabled detection of 
ICC in the GI (Burns et al., 1996; Torihashi et al., 1995; Ward et al., 1994). However, 
not all ICC express Kit, such as those in the deep muscular plexus of the human 
small intestine (Torihashi et al., 1999). Additionally, Kit is also expressed in other cell 
types like melanocytes, mast cells, neurons and glia (Zhang and Fedoroff, 1997). 
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More recently, another ICC biomarker Anoctamin 1 (Ano1), was identified 
through microarray experiments that compared gene expression of the different ICC 
classes in the mouse small intestine (Chen et al., 2007). Ano1 has been shown to be 
a more selective biomarker for ICC than Kit (Gomez-Pinilla et al., 2009). Ano1 is a 
calcium-activated chloride channel that is required for controlling GI contractions by 
generating slow waves (Yang et al., 2008). Alterations in the expression of Ano1 in 
ICC have been linked to abnormalities in slow waves and irregular physiological 
rhythms of the GI (Mazzone et al., 2011). Although Ano1 has a role in GI motility, 
other studies have reported a role for Ano1 in several physiological processes such 
as, the release of insulin, mucosal secretion, contraction of the vascular muscle and 
airway, signal transduction, nociception, tumorigenesis and cell proliferation 
(Mazzone et al., 2011; Picollo et al., 2015; Pedemonte and Galietta, 2014). 
 
The advent of genome sequence-specific programmable nucleases like 
TALEN, Zinc finger nucleases, and the CRISPR-Cas9 has greatly advanced 
targeted genome editing. In the zebrafish community, new and less time-consuming 
strategies have emerged to knock-out or knock-in genes at precise loci (Hoshijima et 
al., 2016; Jao et al., 2013; Auer et al., 2014). The double stranded breaks generated 
by these programmable nucleases can be repaired by error-prone non-homologous 
end-joining resulting in site-specific insertions and deletions. Lately, different 
research groups have demonstrated that exogenous constructs can be successfully 
integrated into the genome with high efficiency by providing a donor vector (Auer et 
al., 2014; Hisano et al., 2015; Watakabe et al., 2018). In this study, we utilized this 
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strategy to generate two zebrafish reporter lines for studying ICC biology in vivo and 
gut motility disorders in general. 
 
To date, most of the research on expression of ICC in zebrafish has been 
conducted on fixed tissues and by labeling with Kit or Ano1 antibodies. Challenges 
of this approach makes it very hard to visualize ICC networks in vivo and to isolate 
adequate ICC for other molecular experiments like cell culture and cell transplanting. 
As a result, in vivo analysis of ICC networks in living animals remain poorly 
understood. In the present study, we developed two new zebrafish Gal4 lines in 
which kita and ano1 genes have been labeled with a red fluorescent protein (RFP). 
Cells and tissues of these zebrafish may provide new ways of studying the disease 
processes leading to ICC disruption and will aid in in vivo monitoring and 
visualization of ICC in living animals. 
 
Materials and methods 
Zebrafish care and husbandry 
All zebrafish husbandry and experimental protocols were approved by the 
Iowa State University Institutional Animal Care and Use Committees, the Institutional 
Biosafety Committee, and were in compliance with the American Veterinary Medical 
Association and the National Institutes of Health guidelines for the humane use of 
laboratory animals in research. The Tg(UAS:RFP) zebrafish lines used for 
generating reporter lines were obtained from Balciuniene et al., (2013). Zebrafish 
were raised in an aquarium system (Pentair Aquatic Eco-Systems, Inc., Apopka, 
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FL) on a 14-hour light and 10-hour dark cycle with recirculating water in the 
system. All eggs used in this study were obtained through natural mating. 
 
Construction of p2A-Gal4VP16 donor vector for knock-in 
The construction of the donor vector was done as described by Wierson et 
al., (in preparation). Briefly, the Gal4VP16 coding sequence with Beta-actin 
terminator was amplified from the vector pDB783 (Darius Balciunas) with primers F-
2A-Gal4-BamHI and R-Gal4-NcoI. BamHI-2A-Gal4-NcoI was subcloned into Topo 
Zero Blunt vector following the standard protocol from Invitrogen. 20 ng of sequence 
verified plasmid was used as template for mutagenesis PCR with primers F and R ‘-
gal4-Ecofix’ to disrupt the internal EcoRI restriction site. The obtained PCR product 
was incubated with DpnI to remove residual template and purified using QIAGEN 
PCR clean up.  The linear purified product was circularized with T4 ligase, and 
transformed into Top10 competent cells. Clones lacking EcoRI verified by 
sequencing were selected, digested with BamHI-HF and NcoI-HF for one hour at 
37°C, and the resulting Gal4VP16-pA fragment was cloned into the BamHI and NcoI 
sites in the p494 backbone (Chi-bin Chien) to create the p2A-Gal4VP16 donor 
vector used in this study. p2A-Gal4VP16 was digested with EcoRI and BaHI to allow 
for directional cloning of a gRNA target site with a homology arm. Kita oligos (F-kita-
v, R-kita-v) and ano1 oligos (F-ano1-v, R-ano1-v) were annealed by boiling them for 
5 minutes in Buffer 3.1(NEB) at 98°C and allowed to cool to room temperature 
before placing on ice. Table 1 shows the primer sequences used for generation of 
the p2A-Gal4VP16 donor vector. 
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Generation of gRNA and Cas9 mRNA 
CRISPRScan was used to generate oligos for gRNA (Moreno-Mateos et al., 2015). 
The cloning free method was then used to make gRNAs template for each target  as 
previously described (Varshney et al., 2015). Concisely, a 52-nt gRNA primer 
containing the T7 promoter, gene specific gRNA DNA-binding sequence and an 
invariable annealing tail (F-kita-g and F-ano1-g) was used together with a constant 
80-nt reverse primer (R-Constant-g). The PCR product was directly used as 
template for in vitro transcription without purification utilizing the Ambion T7 
Megascript kit with an incubation time of 16 hours. The transcribed gRNA was 
treated with DNase and precipitated with isopropanol and sodium acetate and then 
washed with 70% ethanol. Cas9 mRNA was generated from the pT3TS-nCas9n 
plasmid (Addgene plasmid # 46757) (Jao et al., 2013) after XbaI digestion utilizing 
the Ambion mMessage mMachine T3 Transcription kit following the manufacturer’s 
protocol. The resulting Cas9 mRNA was precipitated with lithium chloride and 
washed with 70% ethanol. Table 2 shows the primer sequences used for generation 
of gRNA. 
 
Knock-in microinjections into Tg(UAS:RFP) embryos 
All knock-in microinjections were done in 1-2 cell zebrafish embryos using a 
cocktail of gRNA at 25 ng/µL, Cas9 mRNA at 300 ng/µL, and the donor vector at 10 
ng/µL in sterile water. Red fluorescent protein (RFP) expression was monitored and 
positive founders grouped into broad (high), intermediate (moderate) and narrow 
(low) expression levels. F0 founder larvae were raised to adulthood and out crossed 
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to generate the F1 generation. RFP positive F1 adult zebrafish were in crossed and 
the resulting F2 generation was used for the current study. Genotyping was based 
on PCR amplification of the 5′ junction fragment at the site of the Gal4VP16 
integration. The 5′ junction fragment was amplified using the following primers:  
kita-F: 5′-GGTCGAGGCCTACCATTACC-3′,  
ano1-F: 5′-AGCTTTGGCCGTACTTCAAGG-3′ and a reverse primer  
Gal4_R: 5′- CGCATGCTTGTTCGATAGAAGACAG-3′. The 5′ junction fragment was 
then cloned and sequenced to confirm the precise integration of p2A-Gal4VP16. 
 
In situ hybridization 
Zebrafish cDNA was used as a template for amplifying probe sequences to 
give a product of 1500bp. The primers used were:  
ano1-F: 5′-CTCAGAGGACTCAGCAAAGTGG-3′,  
ano1 R: 5′-CGCACATACACAAAATGGAAGACA-3′, 
kita-F: 5′GAGTGCCCATGCAACAGAGA-3′, and 
kita-F: 5′-ATCGTGATTTGATCTTGTCTCCGA-3′. The product was cloned into 
pCR4-TOPO vector (Invitrogen) and sequenced. Antisense riboprobes were 
transcribed using either T7 or T3 RNA polymerase in the presence of digoxigenin 
(DIG) labeled nucleotides for 4 hours at 37°C. Riboprobes were treated with DNase I 
for 30 minutes at 37°C and precipitated for another 30 minutes at -80°C with LiCl 
and 100% ethanol.  In situ hybridization was carried out on adult zebrafish gut 
sections as previously described by Trimarchi et al., (2007). Briefly, the slides were 
washed 3 times with PBS, fixed with 4% paraformaldehyde in PBS, acetylated and 
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then hybridized overnight with the riboprobe at 65°C. The following day, slides were 
incubated in a 1X SSC buffer (Saline-sodium citrate) with 50% formamide, treated 
with RNase A and washed with 2X and 0.2X SSC. After washing twice with TNT (0.1 
M TrisHCl, pH 7.5, 0.15 M NaCl, 0.05% Tween-20), slides were blocked for an hour 
with 20% heat inactivated sheep serum (HISS) and incubated with anti-DIG-alkaline 
phosphatase (antiDIG-AP) antibody (1:2500, Roche) overnight. The following day, 
slides were washed with TNT and developed using NBT and BCIP. Slides were then 
fixed in 4% paraformaldehyde, washed with PBS and mounted in Fluoromount-G 
(Southern Biotech) prior to imaging. 
 
Imaging 
Imaging was done on the generated kitais32gal4 and ano1is33gal4. Imaging were 
taken using a Zeiss LSM700 Confocal microscope and a Zeiss Discovery.V12 
fluorescent microscope with a Canon EOS Rebel XSi Digital camera. Prior to 
imaging, live zebrafish larvae (7 and 9 dpf) were anesthetized with Tricaine MS-
222 (Sigma, St Louis, MO) and mounted in 1% agarose (gelling point 25±5°C; 
Fisher Scientific, Fairlawn, NJ) prepared with fish water containing MS-222. To 
observe expression of kita and ano1 genes in the larval guts of the RFP reporter 
lines, larvae were fixed in 4% paraformaldehyde overnight at 4°C, washed in PBS, 
guts dissected out and mounted in Vectashield mounting media (Vector Laboratories 
Inc. Burlingame, CA), and then imaged. The live adult zebrafish were anesthetized, 
placed on Petri dishes and imaged immediately. To observe expression of kita and 
ano1 genes in the adult RFP reporter lines, guts were dissected out, fixed in 4% 
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paraformaldehyde overnight at 4°C, washed in PBS and small portions flat mounted 
in Vectashield mounting media (Vector Laboratories Inc. Burlingame, CA), and then 
imaged. To characterize layers in which kita and ano1 genes are expressed in the 
zebrafish gut, guts were cryoprotected, embedded in optimal cutting temperature 
(OCT) medium (Fisher), sectioned at 12 µm, washed in PBS and then imaged. In 
situ hybridization images were taken using a Zeiss Imager A2 with an Axiocam 
503 color camera. 
 
Results 
To create zebrafish models for studying ICC biology in zebrafish, we took 
advantage of the CRISPR-Cas9 mediated homologous recombination to knock-in 
Gal4 into the kita and ano1 loci respectively (Auer et al., 2014; Kimura et al., 2014; 
Hisano et al., 2015). The Gal4-UAS system has been widely used in Drosophila and 
recently established for the zebrafish to study gene function (Halpern et al., 2008; 
Distel et al., 2009; Scheer and Campos-Ortega, 1999). 
 
Generation of the kita reporter line 
Microinjection was done using of a cocktail of kita-gRNA, p2A-Gal4VP16 
donor vector, Cas9-mRNA into the 1-2 cell stage Tg(UAS:RFP) zebrafish embryos. 
The p2A-Gal4VP16 donor vector contains gRNA target sequence, a homology arm 
that is 48bp upstream of the kita-gRNA target sequence cut site in the genome, 
Gal4VP16, and polyA (pA) signal (Fig. 1A). The gRNA target sequence in the vector 
was the same as that in the genome. Simultaneous cleavage of the donor plasmid 
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and the genome with Cas9 protein resulted in the integration of the donor plasmid 
into the genome. 47% of the embryos injected survived to 5 dpf. Of the 47% 
(80/170), 24 larvae expressed RFP at various intensity levels (Table 3). The 24 F0 
RFP positive founder larvae were raised to adulthood and out-crossed to generate 
the F1 generation. The F1 RFP positive adults were then in-crossed to generate the 
F2 generation. To verify the precise integration of the Gal4 into the endogenous kita 
locus, primers specific to the predicted junction of the genome and the donor vector 
were used to amplify, clone and sequence the 5′ junction fragment at the site of 
integration (Fig. 1B). Live 7 dpf F2 larvae demonstrated a heritable RFP expression 
in the gut and other tissues including the notochord and melanocytes (Fig.1C-E). 
The Tg(UAS : RFP) zebrafish enables the amplification of the RFP expression to 
allow for detection even at low expression levels.  
 
Generation of the ano1 reporter line 
To target the ano1 gene, a cocktail of ano1-gRNA, p2A-Gal4VP16 donor 
vector, and Cas9-mRNA was microinjected into 1-2 cell stage Tg(UAS:RFP) 
zebrafish embryos (Fig. 2A). After microinjection, 50% of the larvae survived to 5 
dpf. Of the 50% (96/192), 32.3% (31/96) showed RFP expression. The larvae were 
grouped according to different expression levels (broad, intermediate or narrow) 
(Table 3). The 31 F0 RFP positive founder larvae were raised to adulthood and out 
crossed to produce the F1 generation. The F1 RFP positive adults were then in 
crossed to produce the F2 generation. To confirm precise integration of the donor 
vector into the genome, primers specific to the genome and the donor vector were 
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used to amplify, clone and sequence the 5′ junction fragment at the site of 
integration (Fig. 2B). Live 7 dpf F2 larvae showed a heritable RFP broad expression 
(Fig.2C-E).  
 
Loss of kita leads to reduced melanocytes in putative kitais32gal4-/- compared to 
the wildtype zebrafish  
Parichy et al., (2000) showed that wildtype zebrafish larvae develop a full 
pattern of pigmentation on their bodies as early as 2.5 dpf. Kit and its ligand, Steel 
factor (Slf), have been shown to be required for vertebrate melanocyte development 
(Besmer et al., 1993; MacKenzie et al., 1997). By 9 dpf, wildtype zebrafish larvae 
have stripes of melanocytes (Fig. 3A-C). However, 9 dpf kitais32gal4-/- larvae had very 
few melanocytes that were mostly around the swim bladder (Fig. 3D-F). As in the 
larva, the wildtype adult zebrafish, had very pronounced melanophore stripes in all 
regions, including the caudal and anal fins (Fig. 3G-I). On the other hand, adult 
kitais32gal4-/- developed less than half the normal pattern of adult body stripe 
melanophore, broken stripes and evidently lacked scale melanocytes (Fig. 3J-L). 
This morphological phenotype is consistent with previously published reports of a 
putative loss of function mutant in kita, sparse (Parichy et al., 2000) 
 
RFP expression of kita and ano1 under their endogenous promoters in the 
zebrafish gut 
To determine the RFP expression pattern of kita and ano1 under the 
endogenous promoters, 7 dpf larvae and adult intestines were imaged. The 7 dpf 
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larvae were anesthetized and fixed overnight in 4% paraformaldehyde. They were 
washed with PBS, guts were dissected out and mounted in Vectashield mounting 
media for imaging. The adult zebrafish were anesthetized and the guts dissected out 
before fixing them in 4% paraformaldehyde. They were washed with PBS and small 
portions were flat mounted in Vectashield mounting media. In the 7 dpf larvae, kita 
was expressed throughout the gut (Fig. 4A-C). RFP expression in the adult zebrafish 
gut appear to form a network of cells throughout the gut (Fig. 4D-F).  The results of 
this study showed that ano1 was expressed in all regions of the gut but with more 
expression in the distal intestine (Fig 4G-I). There was even distribution of ano1 RFP 
expression in the adult zebrafish gut showing a network of cells (Fig. 4J-L).  
 
Characterization of kita and ano1 expression in kitais32gal4, ano1is33gal4 and 
wildtype adult zebrafish intestine 
To characterize which cell types the kita and ano1 reporters were expressed 
in, adult intestines were sectioned. Cryosections of the kita reporter line revealed 
expression of kita in the mascularis layer and broad expression in the mucosa layer 
(Fig. 5A-C). In situ hybridization using kita DIG-labelled riboprobe was carried out on 
wildtype sections and we observed a similar expression pattern like that seen in kita 
reporter line (Fig.5D). Cryosections of the ano1 reporter line revealed expression of 
ano1 in the mascularis layer and the expression in the mucosa layer is mainly in the 
lamina propria (Fig. 5E-G). In situ hybridization using ano1 DIG-labelled riboprobe 
on wildtype sections also showed similar expression patterns like that seen in the 
ano1 reporter line (Fig.5H). 
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Discussion 
The ICC are stellate or spindle-shaped cells that have long spikes or 
dendrites. They have close contact with smooth muscle cells and nerve varicosities, 
and form gap junctions with each other, neurons and smooth muscle cells (Yang et 
al., 2012; Sanders, 1996; Nemeth et al., 2000). The ICC are thought to play a central 
role in the normal function of intestinal motility because of their role in generating 
slow waves which set the contraction rate. ICC also facilitate propagation of 
electrical signals and neural transmission (Sanders and Ward, 2007; Sanders et al., 
2012; Sanders, 1996; Sanders et al., 2006; Sanders et al., 1999; Ordog et al., 1999; 
Ward et al., 1998; Hirst and Edwards, 2004). Several studies link the loss or 
malfunction of ICC to various GI motility disorders which are associated with 
significant morbidity and mortality in human patients (Al-Shboul, 2013; Mostafa et 
al., 2010; Streutker et al., 2007). Zebrafish have begun to emerge as a model in 
other fields of study such as immunology, oncology and gastroenterology (Brugman, 
2016; Zhao and Pack, 2017; Sadler et al., 2013).  
 
In this study, we report two genetic, heritable zebrafish models for studying 
gut motility disorders and ICC in particular. We successfully integrated Gal4 into two 
loci (kita and ano1) by simultaneously microinjecting a cocktail of kita-gRNA, p2A-
Gal4VP16 donor vector, Cas9-mRNA into the 1-2 cell stage Tg(UAS:RFP) zebrafish 
embryos. The rate of germline transmission ranged from 16% to 36.8%. Similar to 
previous studies, zebrafish that had a broad RFP expression in the F0 generation, 
became positive founders (Kimura et al., 2014). There was only one incidence 
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where an intermediately RFP expressing F0 zebrafish become a positive founder. 
The generated reporter lines are very bright because we utilized the Gal4-UAS 
system that amplifies the signal and this possesses great advantage that even with a 
simple fluorescent microscope, the larvae can easily be screened.  
 
In this study, the whole mount expression pattern of both kita and ano1 
reporter lines in the adult zebrafish gut forms a network of RFP expressing cells. 
Networks of ICC in adults have been previously reported using Kit antibodies (Rich 
et al., 2007; Huizinga et al., 2011; Sanders et al., 2014) and Ano1 antibodies 
(Gomez-Pinilla et al., 2009; Loera-Valencia et al., 2014; Uyttebroek et al., 2013). 
The zebrafish gut is very similar in function to that of mammals comprising of a 
linearly segmented intestinal track, gall bladder, a liver and pancreas with both 
secretory and absorptive functions (Wallace et al., 2005; Ng et al., 2005). However, 
it is important to note that the zebrafish lack a sub mucosal layer and have reduced 
circular and longitudinal intestinal layers compared to those of mice and humans. 
Thus, the ICC networks as detected by kit and ano1 staining may also be more 
difficult to detect.  
 
Remarkably, putative homozygous mutants (kitais32gal4-/-, ano1is33gal4-/-) 
generated in this study are both viable to adulthood and can reproduce. kitais32gal4-/- 
had a pronounced reduction in melanocyte number indicated by decreased 
pigmentation when compared to the wildtype. Similar studies that examined the 
zebrafish kita mutant (sparse), with a point mutation resulting in a premature stop 
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codon reported its viability to adulthood and the ability to reproduce (Parichy et al., 
2000). On the other hand, biallelic loss of Kit function in mice is embryonically lethal, 
mainly due to defects in hematopoiesis (Edling and Hallberg, 2007; Busseil and 
Lawson, 1959). It has also been reported that over 90% of Ano1 null mutants in mice 
died within the first nine days of postnatal life and no Ano1 null mutants survived 
past 30 days postpartum (Rock et al., 2008).  
 
The two generated ICC zebrafish model organisms in this study will offer 
unique and better opportunities for studying ICC biology because of the advantages 
that come with using zebrafish as a model organism (Zhao and Pack, 2017; 
Brugman, 2016; Rich, 2009; Howe et al., 2013; Cheng et al., 2016; Kent et al., 
2012). For example, zebrafish have a fast ex-utero development and by 5 days the 
gut is functional (Holmberg et al., 2004). The zebrafish embryos are transparent and 
thus, gut motility contractions and the role that ICC play can be examined directly in 
intact living zebrafish. This also offers an opportunity to do in vivo time lapse imaging 
or video recording to quantify gut motility changes in disease and no disease 
situations. Zebrafish are very prolific and can give clutches of up to 300 embryos in a 
one morning. This offers more samples to work with in a limited time frame.  
 
Conclusion 
We have generated 2 RFP reporter lines (kitais32gal4 and ano1is33gal4) that can 
be utilized to advance ICC research. Cells and tissues of these zebrafish will provide 
very powerful new ways of studying the disease processes leading to ICC disruption 
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and will aid in in vivo monitoring and visualization of ICC. 
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Figures and tables 
 
Table 1: Primers used for generation of p2A-Gal4VP16 donor vector 
Primer Name Sequence (5’-3’) 
F-2A-Gal4-
BamHI 
GGATCCGGAGCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAG
ACGTGGAAGAAAACCCCGGTCCTtctagaAAGCTACTGTCTTCTAT
CGAACAAGCA 
R-Gal4-NcoI gcatCCATGGTAATTTATTTAGCAGTAGATAGCTATATTGTGTGAA
ACGC 
F-gal4-Ecofix phos//aCAGATCTCTCGAGCCGCCCC 
R-gal4-Ecofix phos//ATTCCCGGGGTCGACCTCGA 
F-kita-v aattcGGCGCACTGTACTGTTACTCTGGaaaCCGGCTAACAGTACC
ACTGTACAGCAACTTCAGTTTGCATTGCCAGAGTg 
R-kita-v gatccACTCTGGCAATGCAAACTGAAGTTGCTGTACAGTGGTACTG
TTAGCCGGtttCCAGAGTAACAGTACAGTGCGCCg 
F-ano1-v aattcGGTTCTGGGGCTTCTGGATGTGGcccCTTCAAGGATGGTCA
CAGACGGATAGATTATGTGCTCACCTACCACATCg 
R-ano1-v gatccGATGTGGTAGGTGAGCACATAATCTATCCGTCTGTGACCAT
CCTTGAAGgggCCACATCCAGAAGCCCCAGAACCg 
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Table 2: Oligos used for generation of gRNA 
Primer Name Sequence (5’-3’) 
F-kita-g taatacgactcactataGGCGCACTGTACTGTTACTCgttttagagctagaa 
F-ano1-g taatacgactcactataGGTTCTGGGGCTTCTGGATGgttttagagctagaa 
R-Constant-g AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 
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Table 3: Summary of the microinjection results  
Parameters kita gene ano1 gene 
Number of zebrafish embryos injected 170 192 
Survived at 5dpf 80/170 (47%) 96/192 (50%) 
No RFP expression at all 56/80 (70%) 65/96 (67.7%) 
Broad RFP expression at 5dpf 6/80 (7.5%) 4/96 (4.2%) 
Intermediate RFP expression at 5dpf 8/80 (10%) 14/96 (14.6) 
Narrow RFP expression at 5dpf 10/80 (12.5%) 13/96 (13.5%) 
Survived to adulthood (RFP+) 19/24 (79%) 25/31 (80.6%) 
Germline transmission 7/19 (36.8%) 4/25 (16%) 
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Fig. 1. Generation of kita reporter line by integrating p2A-Gal4VP16 into the 
kita locus. (A) Schematic illustration of the kita locus, the donor vector consisting of 
the gRNA target sequence, homology arm, 2A peptide, Gal4VP16, and polyA (pA) 
signal, Cas9-mRNA and gRNA. The kita-gRNA target sequence is in red and the 
PAM sequence is in blue (located on the reverse strand). The homology arm that is 
upstream of the kita-gRNA target sequence cut site was integrated between the 
gRNA target sequence (same as kita target sequence) and 2A peptide in the p2A-
Gal4VP16 donor vector. When a cocktail of the p2A-Gal4VP16 donor vector, Cas9 
mRNA and gRNA and were co-microinjected into 1–2 cell-stage embryos, the kita 
gene and Gal4VP16 were connected in the same reading frame by precise 
integration of the p2A-Gal4VP16 donor vector into the kita genomic locus. (B) 5’ 
junction sequence analysis of the genomic integration of the p2A-Gal4VP16 donor 
vector containing homology arms. (C-E) Representative confocal images of a live 
7dpf F2 larva expressing showing RFP expression in the gut, notochord and 
melanocytes (C), DIC image (D), Merge of both RFP and DIC image (E). Scale bar, 
200 µm. This larva was obtained by in-crossing F1 zebrafish. 
CCGGCTAACAGTACCACTGTACAGCAACTTCAGTTTGCATTGCCAGAGTAACAGTACAGTGCGCT
kita 5’  3’
k-F
k-R
p2A-Gal4VP16
g-R
48bp
Exon 2
PAM
gRNA
gRNA Homology arm 2A Gal4VP16 pA
Cas9-mRNA
Precise integration
1-2 cell stage
Tg(UAS:RFP)
5’ 3’
5’ junction
GGTCGAGGCCTACCATTACCCCAGAAGGTCCCCGGCTAACAGTACCACTGTACAGCAACTTC
AGTTTGCATTGCCAGAGTGGATCCGGAGCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGA
CGTGGAAGAAAACCCCGGTCCTTCTAGAAAGCTACTGTCTTCTATCGAACAAGCATGCG
A
B
C D E
+ +
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Fig. 2. Generation of ano1 reporter line by integration p2A-Gal4VP16 into the 
ano1 locus. (A) Schematic illustration of the ano1 locus, the donor vector consisting 
of the gRNA target sequence, homology arm, 2A peptide, Gal4VP16, and polyA (pA) 
signal, Cas9-mRNA and gRNA. The ano1-gRNA target sequence is in red and the 
PAM sequence is in blue (located on the reverse strand). The homology arm that is 
upstream of the ano1-gRNA target sequence cut site was integrated between the 
gRNA target sequence (same as kita target sequence) and 2A peptide in the p2A-
Gal4VP16 donor vector. When a cocktail of the p2A-Gal4VP16 donor vector, Cas9 
mRNA and gRNA and were co-microinjected into 1–2 cell-stage embryos, the ano1 
gene and Gal4VP16 were connected in the same reading frame by precise 
integration of the p2A-Gal4VP16 donor vector into the ano1 genomic locus. (B) 5’ 
junction sequence analysis of the genomic integration of the p2A-Gal4VP16 donor 
vector containing homology arms. (C-E) Representative confocal images of a live 
7dpf F2 larva expressing showing RFP expression in the gut, notochord and 
melanocytes (C), DIC image (D), Merge of both RFP and DIC image (E). Scale bar, 
200 µm. This larva was obtained by in-crossing F1 zebrafish. 
CTTCAAGGATGGTCACAGACGGATAGATTATGTGCTCACCTACCACATCCAGAAGCCCCAGAACA
AGCTTTGGCCGTACTTCAAGGATGGTCACAGACGGATAGATTATGTGCTCACCTAC
CACATCGGATCCGGAGCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGA
AGAAAACCCCGGTCCTTCTAGAAAGCTACTGTCTTCTATCGAACAAGCATGCG
PAM
ano1 5’ 3’
5’ 3’
p2A-Gal4VP16
g-R
1-2 cll stage
Tg(UAS:RFP)
Precise integration
gRNA
Cas9-mRNA
5’ junction
gRNA Homology arm 2A Gal4VP16 pA
a-F
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48bp
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A
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Fig. 3. The phenotype obtained in kitais32gal4-/- compared to the wildtype live 
zebrafish. (A) 9 dpf wildtype larval head region. (B) 9 dpf wildtype larval mid region. 
(C) A 9 dpf wildtype larval tail region. (A-C) melanocytes occur in stripes. (D) 9 dpf 
kitais32gal4-/- larval head region. (E) 9 dpf kitais32gal4-/- larval mid region. (F) 9 dpf 
kitais32gal4-/- larval tail region. (D-F) Melanocytes are almost absent. (G) Adult wildtype 
head region. (H) Adult wildtype mid region (I) Adult wildtype tail region. (G-I) Very 
distinct melanocyte stripes in all regions, and in the caudal and anal fins. (J) Adult 
kitais32gal4-/- head region. (K) Adult kitais32gal4-/- mid region. (L) Adult kitais32gal4-/- tail 
region. (J-L) Adult kitais32gal4-/- developed less than half the normal pattern of adult 
body stripe melanocytes and lacked scale melanocytes. Scale bars: (A-F) 100 µm; 
(G-L) 2 mm.  
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Fig. 4. Whole mount expression of kita and ano1 ICC biomarkers in the 
zebrafish intestine. (A-F) kita:RFP. (A) 7 dpf kita RFP expression in the zebrafish 
gut dissected out of the larva. (B) DIC image of A. (C) Merge of both RFP and DIC 
images. (D) Adult kita RFP expression in the zebrafish gut showed a network of 
cells. (E) DIC image of D. (F) Merge of both RFP and DIC images. (G) 7 dpf ano1 
RFP expression in the zebrafish gut dissected out of the larva. (H) DIC image of G. 
(I) Merge of both RFP and DIC images. (J) Adult ano1 RFP expression in the 
zebrafish gut showing a network of ICC-like cells. (K) DIC image of J. (L) Merge of 
both RFP and DIC images. Scale bar: (A-C, G-I) 100 µm; (D-F, J-L) 50 µm.  
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Fig. 5. Characterization of kita and ano1 expression in kitais32gal4, ano1is33gal4 
and wildtype adult zebrafish intestine. (A-C) Cryosection of kitais32gal4 revealed 
expression of kita in the mascularis layer and broad expression in the mucosa layer. 
(D) Wildtype section in situ hybridization showed similar expression patterns as in 
kitais32gal4. (E-G) Cryosection of ano1is32gal4 revealed expression of ano1 in the 
mascularis layer and the expression in the mucosa layer is mainly in the lamina 
propria. (H) Wildtype section in situ hybridization showed similar expression patterns 
as in ano1is32gal4. Scale bar = 50 μm. 
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Abstract 
Regulation of gut motility is a very complex process and is thought to require 
proper performance, regulation, functioning and coordination of three major cell 
types: the smooth muscle cells, the enteric nervous system and a specialized group 
of cells called the interstitial cells of Cajal (ICC).  The ICC, also commonly called the 
pacemaker cells of the gut have been implicated in proper gut motility. Reduction in 
the number, abnormal integrity or loss of ICC has been showed in patients with GI 
motility disorders such as Hirschsprung’s disease, slow transit constipation, 
gastroparesis, achalasia, and intestinal pseudo-obstruction. Although the role of ICC 
in gut motility has been widely examined at the phenotypic level, many of the 
underlying molecular mechanisms that drive development and function remain 
elusive. Kit and Ano1 are among the genes proposed to be required for proper ICC 
development and function. The overall objective of this study was to investigate the 
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role of kita and ano1 genes in regulating intestinal motility in the zebrafish (Danio 
rerio). Here, we report the use of spatio-temporal maps created from live in vivo 
video recordings to conduct qualitative and quantitative analyses of intestinal motility 
in zebrafish carrying novel null mutations in the kita and ano1 genes. Our results 
demonstrate that intestinal motility patterns are disrupted by the loss of kita or ano1 
function. For both null mutants, these disruptions included a significant reduction in 
the average number of contractions, average distance traveled by individual 
contractions, frequency of the contractions, average time from the start to the 
completion of individual contractions and the average interval between sequential 
contractions. On the other hand, no significant change in the average velocity of 
contractions was observed in either kita or ano1 null mutants. Our results suggest 
that both kita and ano1 are critical for generation and maintenance of coordinated, 
steady and complete contraction in the zebrafish intestine. We provide the first 
evidence for the role of ano1 in zebrafish gut motility using in vivo approaches and 
this novel finding will improve our present understanding of GI motility disorders. 
 
Key words: Zebrafish, Intestitial cells of Cajal, Gastrointestinal motility, putative kita 
null mutant, putative ano1 null mutant, Spatio-temporal maps 
 
Introduction 
Gastrointestinal (GI) motility is an important physiological function of the 
digestive system. GI motility disorders negatively affect a patient’s quality of life, are 
very costly to treat and can lead to mortality (Cash et al., 2005; Talley, 2008; 
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Everhart and Ruhl, 2009; Peery et al., 2012). Abnormalities in the physiological 
rhythm of the GI tract result in delayed emptying of the stomach, abdominal 
discomfort and pain, bloating, vomiting and nausea (Chen et al., 2000). The 
regulation of GI motility is a very complex process and is thought to require proper 
performance, regulation, functioning and coordination of three major cell types: the 
smooth muscle cells (SMC), the enteric nervous system (ENS) and a specialized 
group of cells called the interstitial cells of Cajal (ICC) (Huizinga, 1998). The ICC 
(proposed to be pacemakers of the gut), are stellate or spindle-shaped cells, have 
close contact with smooth muscle cells and nerve varicosities, form gap junctions 
with each other, neurons and smooth muscle cells (Yang et al., 2012; Sanders, 
1996; Nemeth et al., 2000). ICC transduce inputs from ENS and generates slow 
waves (electrical rhythmicity) that can be assimilated by smooth muscles to direct 
contractions. The ICC are thought to play a central role in the normal function of 
intestinal motility as pacemakers to generate slow waves which set contraction rate 
(Sanders and Ward, 2007). 
 
Reduction in the number or loss of ICC has been showed in patients with GI 
motility disorders. In fact, reduction in number, absence or abnormal integrity of ICC 
are considered a hallmark of GI motility disorders like Hirschsprung’s disease, slow 
transit constipation, gastroparesis, achalasia, and intestinal pseudo-obstruction 
(Farrugia, 2008; Wang et al., 2009; Garrity et al., 2009). Alterations in the ICC 
network are thought to have a strong effect on the motility of the GI tract (Burns, 
2007; Ordog et al., 2009; Breuer, 2012). Lack of ICC in mice stomachs eliminated 
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slow waves in the circular muscle cells and were unable to advance despite 
electrical field stimuli (gastric slow waves) (Ordog et al., 1999; Ward et al., 1994; 
Huizinga et al., 1995).  
 
Although the role of ICC in gut motility has been widely examined at the 
phenotypic level, the underlying molecular mechanisms directing development and 
function remain elusive. One of the major advances in ICC research was the 
discovery that ICC express a receptor tyrosine kinase, c-Kit which is required for 
development and function of these cells. In mice, mutation in c-Kit caused reduction 
of slow waves or completely eliminated them (Maeda et al., 1992; Ward et al., 1994; 
Huizinga et al., 1995; Torihashi et al., 1995). Recent studies in zebrafish have 
demonstrated that Kit signaling is essential for development of coordinated motility 
patterns (Rich et al., 2013). Additionally, Gomez et al., (2009) demonstrated that 
human and mouse ICC express Ano1, another ICC marker which has been 
identified as a Ca2+-activated Cl− channel (Caputo et al., 2008; Schroeder et al., 
2008; Yang et al., 2008a). Ano1 appears to be required in ICC for slow wave 
production (Hwang et al., 2009; Zhu et al., 2009). Knock-out of Ano1 interferes with 
the slow wave currents and contractions, and Ano1 null mice fail to develop slow 
wave activity (Hwang et al., 2009).  
 
The overall objective of this study was to characterize the role of ICC 
expressed genes, kita and ano1, in regulating intestinal motility in zebrafish (Danio 
rerio). We used spatio-temporal mapping (Hennig et al., 1999) to conduct qualitative 
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and quantitative analysis of intestinal motility in zebrafish carrying null mutations in 
the kita and ano1 genes. Zebrafish is a highly tractable model organism for studying 
gut motility because their larvae are optically transparent allowing direct visualization 
of intestinal motility in an intact in vivo physiological setting. Most research 
investigating gut motility patterns  and gut micro environment  largely utilizes in vitro 
methods with selected regions of the gut (Olsson and Holmgren, 2001; Grans and 
Olsson, 2011). However, limited research has been conducted in vivo to study 
mechanisms that control gut motility (Brijs et al., 2017; Rich et al., 2013; Holmberg et 
al., 2007). Rich et al., (2013) have previously reported motility changes in zebrafish 
carrying a point mutation suggested to act as a loss of function allele. In this report, 
we provide further evidence from a knock-out on the role of kita in intestinal motility. 
We provide the first evidence for a role ano1 plays in intestinal motility using in vivo 
approaches. 
 
List of abbreviations 
ST Maps            Spatio-temporal maps 
ICC                    Interstitial cell of Cajal 
PI                       Proximal intestine 
MI                      Mid-intestine 
DI                       Distal intestine 
ROI                    Region of interest 
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Materials and methods 
Zebrafish care 
The wild type strain (NHGRI-1) was obtained from the Zebrafish International 
Research Center (http://zebrafish.org/zirc/home/guide.php) (LaFave et al., 2014). 
The putative kita mutant (kitais32gal4-/-) and ano1 mutant (ano1is33gal4-/-), were 
generated in a collaboration between the Kuhlman and Essner-McGrail laboratories 
at Iowa State University (Natukunda K. et al., in preparation) using a UAS:mRFP line 
(Balciuniene et al., 2013). Prior to conducting our studies, all zebrafish husbandry 
and experimental protocols were approved by Iowa State University Institutional 
Animal Care and Use Committees and Institutional Biosafety Committee, and 
complied with the American Veterinary Medical Association and the National 
Institutes of Health guidelines for the humane use of laboratory animals in research.  
Zebrafish were raised in an aquarium system (Pentair Aquatic Eco-
Systems, Inc., Apopka, FL) on a 14-hour light and 10-hour dark cycle. The 
recirculating water in the system was maintained at pH ≈ 7.6, conductivity ≈ 
800 µS, dissolved oxygen ≈ 7.2mg/L and temperature ≈ 28.5°C with 
approximately 10% of the water exchanged each day. The zebrafish were 
fed on dry food once a day (Ziegler Brothers, Gardners, PA) and live brine shrimp 
nauplii that were hatched in-house twice a day (Artemia International, Fairview, 
TX). The day before breeding (late in the afternoon after feeding), one adult male 
and female zebrafish were set up in a separate breeding tank and allowed to mate. 
Eggs were obtained by natural mating, collected after spawning, cleaned, sorted and 
moved to Petri dishes containing fish water (62.5 mg/L Cristal Sea Marine mix from 
67 
 
Enterprises International Baltimore, MD) and maintained in an incubator set at 
28.5°C. To prevent the influence of food on gut motor patterns, zebrafish larvae 
were not fed throughout the experimental period (Olsson and Holmgren, 2011; 
Katschinski, 2000). Larvae were moved to clean Petri dishes with fresh fish 
water daily. In our study, the unfed zebrafish larvae survived for at least two 
weeks from laying provided they received daily water changes. 
 
Qualitative and quantitative and analysis of intestinal motility in vivo 
Changes in intestinal motility were studied using in vivo video recordings 
of spontaneous gut movements. Zebrafish larvae were anesthetized using 
Tricaine MS-222 (Sigma, St Louis, MO) and immobilized in 1% agarose (gelling 
point 25±5°C; Fisher Scientific, Fairlawn, NJ) prepared with fish water containing 
MS-222. The agarose was kept on a heat block ≈ 43°C to prevent it from 
gelling. Zebrafish larvae were removed from the incubator, anesthetized, 
embedded and quickly positioned laterally in warm agarose on a glass slide 
for better visualization and recording of the gut. After the agarose had gelled, 
fish water was added to prevent the agarose from drying and a cover slip 
was placed over the sample. Intestinal movements for each zebrafish larva 
were recorded for 15 minutes using a Canon EOS Rebel T3 Digital SLR 
Camera mounted on a Zeiss Axioskop 2 microscope with a 10X objective lens 
(Carl Zeiss Microscopy, Thornwood, NY). The movies were acquired using 
EOS Utility application (Canon U.S.A., Inc. Melville, NY).  
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Construction and analysis of spatio-temporal maps 
Spatio-temporal maps (ST Maps) (Hennig et al., 1999) were constructed from 
the video recordings. The movies were imported and calibrated for distance and time 
into a custom written application, Volumetry G8d (Grant Hennig) which generated 
and quantified ST Maps. A rectangular region of interest was manually drawn 
over the zebrafish intestine and ST Maps were created by averaging the 
intensity of pixels that changed due to constriction of the intestinal wall at the point of 
contraction. Contractions appear as dark bands or ripples on ST Maps because of 
the reduction in the amount of light that can go through the intestine at the point of a 
constriction. Analysis of the ST Maps generated several GI motility parameters 
related to contractions i.e. the number of contractions, frequency of contractions 
(waves), interval between sequential contractions, distance traveled by contractions, 
time from the start to the completion of individual contractions and the velocity of 
contractions. This study quantified motility of 9 dpf zebrafish mid-intestine 
(Wallace et al., 2005). The proximal, mid and distal intestine regions of the 
zebrafish have been previously defined by Kuhlman et al., (2007) and Holmberg 
et al., (2003). During data collection, the slope (velocity) and distance of each 
contraction was calculated by drawing a line of best fit manually over a propagating 
contraction. The time from the start to the completion of individual contractions and 
the interval between two consecutive contraction waves were determined during the 
15-minute recording period. The number of contractions was directly counted from 
the ST Maps. Frequency of contractions was calculated using a previously reported 
technique (Rich et al., 2013; Holmberg et al., 2007), and was expressed as a 
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fraction of the total number of contractions over the total time of the movie recording 
(15 minutes) (Fig. 1). 
 
Identification of zebrafish larvae carrying kita and ano1 putative null mutations 
After video recording, each individual larva was genotyped using genomic 
DNA (gDNA). To extract gDNA, each larva was carefully removed from agarose, 
placed in a 0.2 ml PCR tube and 20 uL of 50 mM NaOH added. The samples were 
then heated in a thermocycler at 95°C for 15 minutes, vortexed and put back in a 
thermocycler for an additional heating at 95°C for 15 minutes. Samples were cooled 
to 4°C, and then 2 uL of 1 M Tris-HCl, pH 8.0 was added to neutralize the NaOH 
basic pH (Meeker et al., 2007; Bedell et al., 2012). The samples were then spun and 
1 uL of the supernatant used in a 25 uL PCR. Genotyping was based on PCR 
amplification of the 5′ junction fragment at the site of the Gal4 integration containing 
a poly A. The primers used to amplify the wildtype sequence flanking the Gal4 
integration site were:  
kita-F: 5′- GGTCGAGGCCTACCATTACC-3′, 
kita-R: 5′-GTTCCTCCTTCAGGGTACGC-3′   
ano1-F: 5′-AGCTTTGGCCGTACTTCAAGG-3′,  
ano1-R: 5′-GGGTTTGTCTGGCCTCGTT-3′.  
To amplify the 5′ junction fragment of the mutant nulls at the site of the Gal4 
integration, a reverse primer gal4_R: 5′-CGCATGCTTGTTCGATAGAAGACAG-3 
together with the forward primers for specific genes were used. The PCR products 
were run on a 1.2% agarose gel. 
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Statistical analysis 
Results from Volumetry G8d were imported into Microsoft Excel (2016) and 
the R statistical package (R Development Core Team, 2014; http://www.R-
project.org/) for statistical analysis. All motility parameters considered in this study 
were calculated for the entire 15-minute experimental period. The results of this 
study are presented as mean ± standard error of the mean (s.e.m), unless 
otherwise specified. Only larvae that had hatched naturally by 3 dpf were included 
in the study and at least 3 clutches were used for each experimental group. A 
student’s t-test (independent two-samples assuming equal variances) was used 
for statistical analysis of the results, with P≤0.05 considered as significant. Box 
plots were constructed to provide more detail on the distribution of the different 
motility parameters within and between each sample population. The interquartile 
range (IQR = Q3–Q1) is displayed as a box, with the median value (mdn or Q2) 
represented as a horizontal line within the box. Whiskers extend to the most 
extreme values that are not more than 1.5 × IQR added to or deducted from Q3 or 
Q1, respectively. 
 
Results 
Examination of zebrafish intestinal motility in vivo 
Three distinct types of contractile waves were observed in the wild type, 
kitais32gal4-/- and ano1is33gal4-/- zebrafish larvae. First, retrograde contractions 
originated close to the beginning of the mid-intestine (MI) and traveled through the 
proximal intestine (PI). Second, anterograde contractions originated in the same 
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region as retrograde contractions and migrated through the mid-intestine and 
occasionally through the distal intestine. Third, distal contractions in the region, the 
distal intestine (DI) that exhibited a combination of both short retrograde and 
anterograde contractions (Fig. 1A). Previous studies have also reported similar 
contractile waves (Uyttebroek et al., 2016; Holmberg et al., 2003; Rich et al., 2013). 
The analyses in the current study only examined retrograde contractions in the 
zebrafish mid-intestine at 9 dpf. The analysis of ST Maps and video recordings 
enabled us to examine and characterize the changes in the intestinal motor patterns 
of the wild type, kitais32gal4-/- and ano1is33gal4-/-. Individual contractile waves are 
represented as dark bands or ripples over time on ST Maps (Fig. 1B. Representative 
sample). This enabled the calculation of the number of contractions, distance 
traveled by individual contractions, the frequency, the slope of the line (velocity), 
interval between sequential contractions and the time from the start to the 
completion of individual contractions. 
 
Identification of zebrafish larvae carrying kita and ano1 null mutations 
To confirm integration of the Gal4VP16 and subsequent disruption of the kita 
or ano1 locus, we performed a PCR genotyping assay to identify the homozygous 
putative null mutants (kitais32gal4-/- and ano1is33gal4-/-). Primers specific to kita and ano1 
wildtype gDNA resulted in 138bp for kita and 148bp for ano1 respectively. As 
predicted, there was no band in the gDNA of kitais32gal4-/- and ano1is33gal4-/- because 
the wildtype gene was disrupted due to the insertion of Gal4 (Fig. 1C). To amplify 
the 5′ junction fragment at the site of the Gal4 integration, we used a reverse primer 
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specific to the Gal4 and a forward primer specific to the wildtype kita or ano1 
sequences separately. kitais32gal4-/- and ano1is33gal4-/- resulted in 183bp and 165bp 
products correspondingly. There was no band in the wildtype gDNA because it 
contained no Gal4 sequence (Fig. 1D). 
 
Characterization of intestinal motor patterns in the putative kitais32gal4-/- 
zebrafish larvae 
To identify the role of kita on intestinal motility patterns, we used kitais32gal4-/-, a 
putative null kita mutant and compared it to the wildtype motility patterns. The 
sample size comprised of 16 wildtype and 16 kitais32gal4-/- zebrafish larvae. All 
wildtype larvae demonstrated regular (constant and definite) motility patterns and all 
contractions were observed to migrate to the end of the mid-intestine. Wildtype 
larvae were not observed to have skipped contractions (Fig. 2A: Representative 
sample). However, kitais32gal4-/- 9 dpf larvae displayed irregular intestinal motor 
activity including fewer contractions and many incomplete contractions. It was 
evident that every individual kitais32gal4-/- displayed variation in poorly coordinated 
motor patterns with some periods of no activity and sometimes skipped contractions 
(Fig. 2B-D. Representative samples). Certain larvae (37%) had most of the active 
contractions in the first half of the mid-intestine with mostly little or no activity in the 
posterior end (Fig. 2B. Representative sample). Approximately 13% of the kitais32gal4-
/- larvae had contractions in the middle potion of the mid-intestine but lacked motility 
activity in the most anterior and posterior ends. These larvae also showed some 
periods of skipped contractions (Fig. 2C. Representative sample). About 50% of the 
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kitais32gal4-/- larvae showed unique rhythmic patterns with a mixture of a group of 
active contractions followed by periods of no activity or incomplete contractions (Fig. 
2D. Representative sample). 
 
To further characterize the differences and spread between the wildtype and 
kitais32gal4-/- intestinal rhythmic patterns, we constructed box plots of the contraction 
frequency, the interval between two sequential contractions and the distance 
traveled by individual contractions. The frequency of the contractions ranged from 
1.13 to 1.73 waves min-1 in the wildtype while that of kitais32gal4-/- ranged from 0.67 to 
1.27 waves min-1. The median value of the wildtype contraction frequency was 
higher (1.47 waves min-1) than that of kitais32gal4-/- (1.07 waves min-1) (Fig. 2E). The 
interval between two consecutive contractions varied from 34.87 seconds (s) to 
54.74 s in the wildtype larvae and 35.5 s to 79.06 s in kitais32gal4-/- (Fig. 2F).  It was 
evident that most of the values of contraction interval were below 50 s in the wildtype 
while in kitais32gal4-/- were mostly above 50 s. The median value of the wild type 
contraction interval was lower (40.65 s) than that of kitais32gal4-/- (49.09 s) (Fig. 2F). 
The distance traveled by individual contractions fluctuated from 508.9 µm to 621.1 
µm in the wildtype and 312.07 µm to 580.07 µm in kitais32gal4-/- (Fig. 2G). There was a 
larger spread of distance traveled by individual contractions in kitais32gal4-/- compared 
to the wildtype.  Wildtype larvae showed longer and more consistency in the length 
of contractions. The median value of the distance traveled by individual contractions 
in the wildtype was higher (557.86 µm) than that of the kitais32gal4-/- (502.24 µm) (Fig. 
2G). 
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Characterization of intestinal motility in the putative ano1is33gal4-/- zebrafish 
larvae 
To identify and characterize the role of ano1 in the zebrafish intestinal motility, 
wildtype larvae were compared with ano1is33gal4-/- (putative ano1 null mutant) larvae. 
The analysis of ST Maps enabled us to distinguish between periods of steady 
intestinal motor activity and periods of low or no intestinal motor activity in 16 
wildtype and 20 ano1is33gal4-/- larvae (Fig. 3A-D. Representative sample). We 
observed regular motor patterns with complete contractions in all the wildtype larvae. 
We did not observe skipped contractions in the wild type larvae (Fig. 3A. 
Representative sample). On the other hand, ano1is33gal4-/- larvae displayed irregular 
intestinal motor activity and fewer contractions (Fig. 3B-D. Representative samples). 
Some of the ano1is33gal4-/- larvae (30%) had very few contractions some of which 
were incomplete (Fig. 3B. Representative sample). Nearly 20% of ano1is33gal4-/- 
larvae had intestinal rhythmic activity only in the posterior half of the mid-intestine 
with moderately few contractions and no activity in the anterior half of the mid-
intestine (Fig. 3C. Representative sample). About 50% of ano1is33gal4-/- larvae had a 
mixture of fewer and irregular contractions with little or no activity at the very anterior 
of posterior ends of the mid-intestine (Fig 3D. Representative sample). 
 
We constructed box plots to further display the distribution and variations 
between the wildtype and ano1is33gal4-/- intestinal motor patterns. We examined the 
full data sets of the contraction frequency, interval between two sequential 
contractions and distance traveled by individual contractions. Contraction frequency 
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varied from1.13 to 1.73 waves min-1 in the wildtype larvae with a median value of 
1.47 waves min-1. However, contraction frequency ranged from 0.6 to 1.4 waves min-
1 in ano1is33gal4-/- larvae with a median value of 1.07 waves min-1, lower than the 
wildtype (Fig. 3E). The wildtype larvae demonstrated higher contraction frequencies 
compared to ano1is33gal4-/- and less variability in contraction frequency. The interval 
between successive contractions fluctuated from 34.86 s to 54.74 s in the wildtype 
with a median value of 40.65 s as compared to the interval between sequential 
contractions in ano1is33gal4-/-, which ranged from 39.9 s to 75.5 s with a median value 
of 48.86 s (Fig. 3F). We also evaluated the distance traveled by individual 
contractions and found a clear distribution of longer contractions in the wild type 
compared to ano1is33gal4-/- larvae. Distance traveled by individual contractions ranged 
from 508.9 µm to 621.1 µm in the wildtype larvae mid-intestine with a median value 
of 502.24 µm compared to the distance traveled by individual contractions in the 
ano1is33gal4-/- larvae mid-intestine which ranged from 375.51 µm to 540 µm, with a 
median value of 473.34 µm (Fig. 3G). 
 
Quantitative analysis of intestinal motility patterns in vivo 
We further quantified changes in intestinal motility patterns among the 
wildtype (n=16), kitais32gal4-/- (n=16) and ano1is33gal4-/- (n=20) in vivo. Statistical 
analyses revealed notable changes in the number of contractions, contraction 
frequency, velocity of the contractions, distance traveled by individual contractions, 
time from the start to the completion of individual contractions, and the interval 
between two sequential contractions during the 15-minute gut motility video 
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recording period. The average number of contractions was significantly reduced 
(p<0.001) from 21.93 ± 0.84 in the wildtype larvae to 15.43 ± 0.88 in the kitais32gal4-/- 
larvae and to 15.45 ± 0.79 in the ano1is33gal4-/- larvae. However, no significant 
differences (P>0.05) were observed when the average number of contractions in 
kitais32gal4-/- larvae was compared to ano1is33gal4-/- larvae (Fig. 4A). We observed a 
significant decrease (p<0.001) in the average distance traveled by individual 
contractions from 560.21 ± 8.63 µm in the wildtype larvae to 463.55 ± 20.67 µm in 
the kitais32gal4-/- larvae, and to 469.01 ± 11.33 µm in ano1is33gal4-/- larvae. However, we 
did not observe any significant changes (P>0.05) in the average distance traveled by 
individual contractions between kitais32gal4-/- larvae and ano1is33gal4-/- larvae (Fig. 4B). 
The average frequency of the contractions significantly reduced (p<0.001) from 1.46 
± 0.056 waves min-1 in the wildtype larvae to 1.03 ± 0.059 waves min-1 in kitais32gal4-/- 
larvae and to 1.03 ± 0.053 waves min-1 in the ano1is33gal4-/- larvae. Again, no 
significant changes were observed for the average frequency of contractions 
between kitais32gal4-/- larvae and ano1is33gal4-/- larvae (Fig. 4C).  
 
The average time from the start to the completion of individual contractions 
was 30.4 ± 1.67 s in the wild type. In the kitais32gal4-/- larvae, the average time from 
the start to the completion of individual contractions significantly reduced to 21.5 ± 
1.59 s (p<0.001) and to 25.4 ± 1.17 s in ano1is33gal4-/- larvae (p<0.05) when 
compared to the wildtype.  There were no significant changes in the average time 
from the start to the completion of individual contractions between kitais32gal4-/- larvae 
and ano1is33gal4-/- larvae (Fig. 4D). Unlike some of the parameters recorded (number 
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of contractions, distance, frequency, time from the start to the completion of 
individual contractions), the mutants showed a significantly higher (p<0.05) average 
interval between sequential contractions compared to the wildtype (Fig. 4E). 
Wildtype larvae had an average interval between sequential contractions of 42.7 ± 
1.7 s, kitais32gal4-/- larvae had 50.08 ± 2.9 s and ano1is33gal4-/- larvae  had 55.2 ± 3.6 
(Fig. 4E). No significant change (P>0.05) was observed for the average interval 
between sequential contractions when we compared kitais32gal4-/- larvae and 
ano1is33gal4-/- larvae, consistent with the observation of skipped contractions in the 
mutants (Fig. 4E). When the average velocity of contractions was examined (Fig. 
4F), we observed a slightly different pattern than what we had observed for the other 
motility parameters. The average velocity of the contractions did not show any 
significant changes (P>0.05) when wildtype larvae were compared to either 
kitais32gal4-/- or ano1is33gal4-/- larvae. However, there was a significant difference in the 
average velocity of contractions between kitais32gal4-/- larvae and ano1is33gal4-/- larvae, 
with kitais32gal4-/- larvae showing a slightly faster velocity of contractions (23.16 ± 
1.71) than the ano1is33gal4-/- larvae (19.01 ± 0.77) (Fig. 4F). 
 
Discussion  
In this study, we used ST Maps created from video recordings to characterize 
the functional changes in intestinal motility in putative kita and ano1 null mutants 
independently in zebrafish larvae at 9 dpf. Zebrafish larvae are transparent during 
the initial stages of development and thus, suitable for studying intestinal motility 
disorders. This supports previous reports describing the role that kita plays in 
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intestinal motility (Rich et al., 2013) and provides the first example of a study 
examining a detailed qualitative and quantitative characterization of the functional 
role of the ano1 gene in vivo in regulating intestinal motility in zebrafish. These 
results clearly illustrate the substantial role that kita and ano1 play on developing 
and maintaining regular and complete anteroposterior contractions in the zebrafish 
mid-intestine. 
 
Coordinated, steady and complete contractions play vital roles in propelling, 
mixing and empting the gut contents. ICC are important players in the regulation of 
gut motility because their reduction in number, disruption or their absence has been 
reported in human patients with several varied  gut motility disorders (Burns, 2007). 
Reduction in number or loss of ICC has been reported in several gut motility 
disorders throughout the GI tract. These diseases range from achalasia 
(Faussonepellegrini and Cortesini, 1985; Khelif et al., 2003), gastroparesis (Forster 
et al., 2005; Zarate et al., 2003), pylorostenosis (Vanderwinden et al., 1996), 
intestinal pseudo-obstruction (Feldstein et al., 2003; Isozaki et al., 1997), slow transit 
constipation (He et al., 2000; Lyford et al., 2002), Hirschsprung’s disease 
(Piotrowska et al., 2003; Rolle et al., 2002) to inﬂammatory bowel disease 
(Rumessen, 1996).  
 
Previous studies using mice models identified Kit to be important for the 
development and maintenance of normal physiological function of ICC (Ward et al., 
1994; Torihashi et al., 1995; Huizinga et al., 1995; Maeda et al., 1992; Ward et al., 
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1995; Sanders et al., 1999; Beckett et al., 2007). In the present study, we described 
a newly generated putative knock-out of kita (kitais32gal4-/-) in zebrafish resulting in 
intestinal motor activity with fewer contractions and many incomplete contractions. 
This could be attributed to the hypothesized role that Kit has in the proper 
functioning or development of ICC. These results are in agreement with data from 
Rich and colleagues, who suggested that kit signaling was essential for coordinated 
gut motility patterns in zebrafish (Rich et al., 2013). Disruption of kit signaling 
pathways with antagonist Imatinib Mesylate was sufficient to disrupt ICC networks 
and pacemaker activity in mice embryos (Beckett et al., 2007). In other studies, the 
blockage of Kit using Kit neutralizing antibody nearly caused loss of ICC and 
rhythmic motor activity (Maeda et al., 1992; Ward et al., 1997; Torihashi et al., 
1999b). Loss of ICC and severe reduction of slow wave motor activity was reported 
in mouse knock-out studies of Kit (Ward et al., 1994; Huizinga et al., 1995). 
 
Because of genome duplication (Meyer and Schartl, 1999; Aparicio, 2000), 
zebrafish have a duplication in the kit gene, kita and kitb (Mellgren and Johnson, 
2005; Parichy et al., 1999). Our study did not test the role of kitb and its function in 
ICC but kitb may have similar functions to kita in regulating gut motility. Therefore, 
future studies could utilize similar methods to investigate whether kitb has a 
functional role in gut motility in zebrafish.  
 
Microarray and RNA sequencing studies in mice have shown that Ano1 is 
highly expressed in ICC (Lee et al., 2017b; Chen et al., 2007). Previous 
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immunolabeling studies have reported that Ano1 is a more suitable maker for ICC 
compared to Kit since it labels all classes of ICC and does not label mast cells 
(Hwang et al., 2009; Bardsley et al., 2009; Gomez-Pinilla et al., 2009). It has also 
been suggested that slow waves generated by ICC are driven by ano1 activity (Zhu 
et al., 2009; Zhu et al., 2011; Singh et al., 2014). In our study, disruption of ano1 in 
zebrafish displayed irregular intestinal motor patterns and fewer contractions, 
suggesting that ano1 is required for coordinated gut motility. Sanders et al., (2012b) 
reported a reduction in GI slow waves in Ano1 knock-out mice, suggesting the role 
of Ano1 in conductance and pacemaker activity of ICC. Similarly, conditional knock-
out of Ano1 in ICC in the adult mouse small intestine caused a significant reduction 
in slow waves and impaired calcium transients and this varied with levels of Ano1 
relative expression (Malysz et al., 2017) 
The data presented in the box plots (Fig. 2E-G and Fig. 3E-G) demonstrate 
variability within and between individual sample populations in both wildtype and 
mutants. This was expected because the digestive system has many internal and 
external influences. Similarly, Field and colleagues reported a remarkable degree of 
variability in the time food traveled through the zebrafish gut (Field et al., 2009). 
Additionally, it has been reported that men and women on the same diet and same 
physical activity also showed individual differences GI transit time (Degen and 
Phillips, 1996). 
 
We observed notable significant differences in several gut motility parameters 
between the wildtype larvae and kitais32gal4-/- larvae or ano1is33gal4-/- larvae. Compared 
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to wildtype larvae, kitais32gal4-/- larvae or ano1is33gal4-/- larvae displayed a significant 
reduction in the average number of contractions, the average distance traveled by 
individual contractions, the average frequency of contractions and the average time 
from the start to the completion of individual contractions. On the other hand, the 
average interval between sequential contractions significantly increased for both 
kitais32gal4-/- and ano1is33gal4-/-  larvae compared to the wildtype larvae. To our surprise, 
we did not observe significant changes in the velocity of the contractions between 
the wildtype zebrafish larvae and kitais32gal4-/- or ano1is33gal4-/- larvae. Although we 
disrupted the intestinal motor patterns, the contractions were not eliminated by 
knocking out kita or ano1. This could be because the gut is controlled by a complex 
regulatory mechanism (Sanders et al., 2006; Kunze and Furness, 1999; Olsson and 
Holmgren, 2001; Huizinga, 1998) and perhaps other players of this network are 
involved in regulation of intestinal motility in the absence of kita and ano1. In the 
case of zebrafish, there may be compensation of kita by kitb in the intestine. Thus, 
more research should be conducted to characterize redundancy in the mechanism 
of how the intestinal motility is controlled. The creation of ICC (ano1/kita or kita/kitb) 
double mutants may cause more severe gut motility defects and may demonstrate 
possible synergistic effect. Further investigation may require identification of other 
genes required for development and/or functions of ICC.  
 
Conclusion 
Our results indicate that the zebrafish intestinal motility pattern was disrupted 
by knock-out of kita or ano1. There was a significant reduction in the average 
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number of contractions, the average distance traveled by individual contractions, the 
average frequency of contractions and the average time from the start to the 
completion of individual contractions. The average interval between sequential 
contractions significantly increased in the absence of kita or ano1. Our results 
suggest that both kita and ano1 are critical for generation and maintenance of 
coordinated, steady and complete contractions in the zebrafish intestine. We provide 
the first example of a study examining a detailed qualitative and quantitative 
characterization of the functional role of the ano1 gene in vivo in regulating intestinal 
motility in zebrafish. 
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Figures  
 
 
Fig. 1. Diagrammatic illustration of the zebrafish intestinal motility analysis 
and genotyping. (A) DIC image of a 9 dpf larva. Rectangle represents the region of 
interest (ROI) used in the construction of ST Maps. Retrograde contractions are 
indicated by an arrow originating in a region marked with an asterisk (*) and travel 
through the proximal intestine (PI). Anterograde contractions are shown by an arrow 
originating in the same region (*) and migrate through the mid-intestine (MI) and 
occasionally through the distal intestine (DI). The DI exhibits a combination of both 
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short retrograde and anterograde contractions indicated by short arrows. (B) Spatio-
temporal map (ST Map) of the MI in the wildtype encompassing the area within the 
rectangular box in A. Single contractions caused by changes in opacity as the lumen 
wall constricts, are seen as dark bands or ripples over time. Distance traveled by 
individual contractions, the slope of the line (velocity), interval between sequential 
contractions, frequency of contractions and time from the start to the completion of 
individual contractions were calculated. (C) Agarose gel image of larval genotyping 
by PCR using primers specific to the wildtype sequences. The wildtype gDNA results 
in PCR products and no product in the gDNA of kitais32gal4-/- and ano1is33gal4-/-. (D) 
Agarose image created by PCR amplification of gDNA of the 5′ junction fragment at 
the site of the Gal4 integration. kitais32gal4-/- and ano1is33gal4-/- gDNA result in a band 
and no band in the wildtype gDNA.  
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Fig. 2. ST Maps and box plots showing the differences in intestinal motor 
activity of the wildtype and kitais32gal4-/-. (A) Wildtype ST Map has regular 
(constant and definite) motility patterns and all the contractions migrated to the end 
of the MI. (B-D) kitais32gal4-/- ST Maps displayed irregular intestinal motor activity and 
many incomplete contractions that did not reach the MI. (E) Box plots of the wildtype 
and kitais32gal4-/- contraction frequencies of all 16 samples. (F) Box plots of the 
wildtype and kitais32gal4-/- interval between contractions representing the full data set. 
(G) Box plot representation of the wildtype and kitais32gal4-/- for all 16 samples in each 
category for the distance traveled by each contraction. n= total number of samples 
and mdn = median. 
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Fig. 3. ST Maps and box plots displaying the changes in intestinal motor 
patterns of the wildtype and ano1is33gal4-/-. (A) Wildtype ST Map with regular 
(constant and definite) motor patterns and complete contractions. (B-D) ano1is33gal4-/- 
ST Maps displaying irregular inconsistent intestinal motor activity and fewer 
contractions. (E) Box plots of all data points of the wildtype and ano1is33gal4-/- 
contraction frequencies. (F) Box plots of the wildtype and ano1is33gal4-/- representing 
interval between contractions. (G) Box plots of the wildtype and ano1is33gal4-/- 
distance traveled by each contraction indicating a clear distribution of higher values 
in the wild type compared to ano1is33gal4-/-. n = total number of samples: 16 for the 
wildtype and 20 for ano1is33gal4-/-. mdn = median. 
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Fig. 4. Quantitative comparison of zebrafish intestinal motility patterns among 
the wildtype (16 samples), kitais32gal4-/- (16 samples) and ano1is33gal4-/- (20 samples). 
Bar graphs comparing six intestinal motility parameters for the wildtype (dark grey 
bars), kitais32gal4-/- (light grey bars) or ano1is33gal4-/- (white bars) i.e. wildtype versus 
each mutant over a 15-minute video recording period. (A) The average number of 
contractions was significantly lower in the kitais32gal4-/- and ano1is33gal4-/- compared to 
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the wildtype. (B) The average distance traveled by individual contractions was 
significantly reduced in the kitais32gal4-/- and ano1is33gal4-/- compared to the wild type. 
(C) The frequency of the contractions was significantly lower in the wildtype 
compared to kitais32gal4-/- and ano1is33gal4-/-. (D) The average time taken by individual 
contraction dropped in the kitais32gal4-/- and ano1is33gal4-/- with respect to the wildtype. 
(E) The average interval between contractions was significantly lower in the wildtype 
compared to kitais32gal4-/- and ano1is33gal4-/-. (F) There was no significant change in the 
average velocity of the contractions of the wildtype compared to kitais32gal4-/- or 
ano1is33gal4-/-. However, the average velocity of the contractions was significantly 
higher in kitais32gal4-/- compared to ano1is33gal4-/-. Statistical data analysis for each 
comparison was done using Student’s t-tests (Two-Sample Assuming Unequal 
Variances). Error bars represent the standard error. ***p<0.001, ** p<0.01, *p<0.05 
and ns = not significant. 
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CHAPTER 4. GENERAL DISCUSSION, CONCLUSIONS AND FUTURE 
PERSPECTIVES 
 
Proper gut motility is very important for the wellbeing of humans and other 
organisms. Gut motility disorders negatively affect patients through high treatment 
costs and they are also associated with significant morbidity and mortality (Everhart 
and Ruhl, 2009; Peery et al., 2012). The zebrafish provides a great model for 
studying human gut motility diseases (Zhao and Pack, 2017; Brugman, 2016; Rich, 
2009; Howe et al., 2013; Cheng et al., 2016; Kent et al., 2012). The mechanisms by 
which ICC perform their pace making role in the regulation of gut motility remains 
poorly understood and controversial (Sanders and Ward, 2006). Additionally, 
knowledge on the maintenance and turnover of ICC is still rudimentary (Sanders, 
2006). Research projects in this dissertation utilized genome engineering tools to 
provide resources that can be used in future studies to better understand 
mechanisms of ICC function, loss and recovery. Therefore, genome editing has 
great potential to generate useful knowledge on gut motility disorders.  
 
kita and ano1 zebrafish reporter lines 
Reporter lines, kitais32gal4 and ano1is33gal4 were successfully generated using 
the CRISPR-Cas9 mediated knock-in of a donor vector into Tg(UAS:RFP) zebrafish 
genome by homology directed double strand break repair mechanism. This is the 
first study to successfully generate ano1 reporter lines in zebrafish. The generated 
reporter lines have a bright RFP expression and putative homozygous null mutants 
are viable and can reproduce. In order to advance ICC research in zebrafish and 
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address aspects such as what ICC are, how they are able to perform their role in 
regulating gut motility, how these cells are reduced in number or lost in several gut 
motility disorders, it is important to have a reliable way of identifying these cells in 
vivo. Reporter lines generated in this study may fill this research gap by providing a 
more dependable and straightforward way of identifying ICC. Several research 
groups have reported that ICC have been problematic to identify and isolate thus, 
slowing ICC molecular studies (Zhou et al., 2017; Ordog et al., 2004). Large scale 
isolation and purification has been difficult partly because they are scarce, dispersed 
and make up a small portion of the gut cells (Zhou et al., 2017; Ordog et al., 2004). 
Due to the bright RFP expression as a result of utilizing the Gal4-UAS system, these 
reporter lines will facilitate easy fluorescence-activated cell sorting (FACS), isolation 
and purification. 
 
The field of regenerative and transplantation medicine is greatly advancing 
and holds great promise to replace or restore cells, tissues and organs impaired by 
age, trauma, disease and to normalize birth defects (Jaklenec et al., 2012; Bailey et 
al., 2014). Successful transplantation of small bowel has been reported in mice with 
a longer recovery of gut motility (Matsuura et al., 2007). The possibility of ICC 
replacement therapy, using cultured ICC from intestinal wall of mice for 
allotransplantation has been reported (McCann et al., 2013). Using cells from kita 
and ano1 reporter lines generated in this dissertation research, transplantation 
approaches may be explored in zebrafish and this may provide insights into ways of 
restoring functional ICC into the gut tissue of patients with GI motility disorders.  
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Functional analysis of kita and ano1 putative null mutants 
Understanding the inter-connection between ICC, gut motility disorders and 
the underlying mechanisms of ICC loss in human gut motility disorders is still in 
progress. Optically transparent zebrafish larvae permit easy visualization of intestinal 
motility. Motility assays using videos and ST Maps (Hennig et al., 1999) were used 
to study the differences in gut motility between wild type and ICC mutants. Most 
research investigating gut motility patterns  and gut micro environment  largely 
utilizes in vitro methods with selected regions of the gut (Olsson and Holmgren, 
2001; Grans and Olsson, 2011). However, limited research has been conducted in 
vivo to study mechanisms that control gut motility (Brijs et al., 2017; Rich et al., 
2013; Holmberg et al., 2007). Rich et al., (2013) have previously reported motility 
changes in zebrafish carrying a point mutation suggested to act as a loss of function 
allele. In this report, we provide further evidence from a knock-out on the role of kita 
in intestinal motility. We provide the first evidence for a role ano1 plays in intestinal 
motility using in vivo approaches. 
 
Functional analysis of kitais32gal4-/- and ano1is33gal4-/- indicated that the intestinal 
motility pattern of the zebrafish was disrupted by knock-out of kita or ano1. There 
was a significant reduction in the average number of contractions, average distance 
traveled by individual contractions, frequency of the contractions, average time taken 
by individual contractions and the average interval between contractions. Our results 
indicated that both kita and ano1 are critical for generation and maintenance of 
coordinated, steady and complete contractions in the zebrafish intestine. 
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Surprisingly, we did not observe significant differences in the velocity of 
intestinal contractions between the wildtype zebrafish larvae and kitais32gal4-/- or 
ano1is33gal4-/- larvae. Even though we disrupted the intestinal motor patterns, the 
contractions were not eliminated by knocking out ano1 or kita. This could be 
because the gut is controlled by a complex regulatory mechanism (Sanders et al., 
2006; Kunze and Furness, 1999; Olsson and Holmgren, 2001; Huizinga, 1998) and 
perhaps other players of this network are involved in intestinal motility in the 
absence of kita and ano1. Thus, more research is needed to characterize 
redundancy in the mechanisms of how intestinal motility is controlled. In future 
studies, ICC double mutants and ICC/ENS double mutants should be created to 
further elucidate the roles of these two cell types in gut motility. 
 
Concluding remarks and future perspectives 
While studies in this dissertation have functionally characterized the role of 
kita and ano1 in zebrafish gut motility in intact settings, this is still a growing area of 
research. Recently, Lee at al., (2017) conducted a transcriptome analysis study on 
isolated mice ICC and the authors identified additional prospective ICC biomarkers. 
The methods used in this dissertation could be utilized to identify and characterize 
the function of more ICC biomarkers. Additionally, the generated reporter lines could 
help in advancing ICC cell biology because they may be used in developing 
techniques to isolate, purify and culture these cells. Therefore, our research findings 
bring us closer to the exciting possibility of transplanting functional ICC into regions 
with disrupted ICC networks for patients with GI motility disorders. 
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It has been reported that ICC display a relatively high degree of plasticity and 
regeneration (Mei et al., 2009; Yanagida et al., 2004; Chang et al., 2001; Torihashi 
et al., 1999). The question of plasticity in the field of ICC is very essential to advance 
translational biology. The causes and situations leading to reduction in number, 
absence and recovery of ICC may be of great interest to biomedical researchers 
whose interest is to translate results from disrupted ICC in gut motility disorders to 
useful data to inform doctors and surgeons treating patients with gut motility 
disorders. To achieve this, it is necessary to generate more model organisms and 
ways to manipulate the ICC microenvironments both in vivo and in vitro. The 
research projects described in this dissertation may bridge this research gap, 
creating more avenues for interdisciplinary research. 
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